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system has a bandwidth of approximately 0.3Hz.

249

N.5 Process and measurement noise models

In order to evaluate the performance of various compensators, a model of the

process and measurement noise is required. The plant model is modified to include

these random disturbance effects:

where:

:i: = Fx+Gu+Gnw

Ym = Mx+v

Ue<I"'''\\U

Z.?_~
w is a random disturbance vector, with.spectral density-,matrix Q

v is a random measurement noise vector, withrsp,ietraloensity matrix R.
._Cj)u.v,~.,(.o

(N.33)

(N.34)

The complete statistical nature of these random noise signals is rarely known in

practice. Since we can usually rely on the inherent band limitation present in

most control systems, it is convenient to assume that w(t) and v(t) are indepen­

dent white noise processes. We now proceed to estimate the ratios of the spectral

densities.

Let

Rt = spectral density of the tachometer measurement noise in units of rad2/s.

Ra = spectral density of the accelerometer measurement noise in units of m2 /83.

From practical experience with the accelerometers and tachometers that were

constructed, the ratio of the measurement spectral densities is estimated as

s, 0.05 d2 2/ 2-= -- ra 8 m
Ra 0.1

(N.35)

The princlpal source of process noise in the plant is the vibrations of the unicycle
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caused by the roughness of the terrain over which the wheel trave1s.

It is assumed that process noise enters the plant with the same input distribution

matrix as the control torque, i.e, Gn = G. In the absence of the exact knowledge

of the statistical nature of the process noise, it is assumed that the spectral density

ofQ is much Iarger than the measurement noise spectral densities. A choice of

-ix,which places the estimator poles in the same s-plane region as the regulator

poles is (see Section N.6.1).

(N.36)

For the numerical simulations in the sections that follow, it will be necessary to

approximate the continuous time purely random gauss-markov processes (with

the spectral densities Q and R given) by discrete time gauss-markov sequences

(with covariance matrices QD and RD). Chapter 11 of reference [Bryson 2] shows

that a good approximation of the continuous randomprocess would be a discrete

gaussian random sequence with a correlation time Tc which is short compared to

the characteristic time constants of the plant, and a covariance (QD) determined

from:

likewise

Rt(t) ~ 2·Tc·RDt

Ra(t) ~ 2·Tc· RDa

(N.37)

(N.38)

(N.39)

The shortest characteristic time in the longitudinal system is about 0.125 sec (

from the inverted pendulumpoles at s 2:: ±8 rad/so A noise corre1ation time of

Tc =0.01 sec is therefore assumed, and taken to be the same for all 3 noise sources,



Figure N.7 shows that the maximum pitch angle during a typical manuever is 1

degree. The maximum acceleration is then (from equation.NAO):

H we assume that the spectral densities of the random noises are reasonably uni­

form from 0 hz to the control bandwidth, we can approximate the noise covariance

by the square of the standard deviation of the signal, eg.

Even though only the ratios of the various spectral densities are considered during

an LQG estimator design, we need to estimate particular values for these quantities

that can be used in time response simulations. From equation N.16 and the actual
lC'4W~>?

vlues of the coeflicients of the states, we see that the accelerometer measurement
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(N.43)

(N.44)

(N.42)

(N.41)

(N.40)Y. e!! g()

0". = 0.01 m]S2

RD. = (.01? = 1 X 10-4 m21s4

Assume that (O".)m.", is approximately 10% of (Y.)m."" then

N.5. PROCESS AND MEASUREMENT NOrSE MODELS
I
I
I
I
I

I
I

I
I
I

From equations N.37 to N.39 the tachometer measurement noise covariance and

standard deviation is

RDt = 5 X 10-5 rad2I S2

O"t = vRDt = 7.07 X 10-3 rad]«

(N.45)

(N.46)

and the process noise covariance and standard deviation is

QD = 1 X 10-3 N2m2

O"p = vQD = 3.16 X 10-2 Nm

(N.47)

(N.48)

The computer langnage CTRL-C has a function that generates a random number

with normal distribution (0 mean and standard deviation of 1.0) every time it is
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called, Simulation of the noise signals will therefore be performed by using a time

step equal to the 0.01 sec correlation time and then scaling the random number

with the square root of the appropriate covariance,

N.6 Optimal continuous time estimator design

A linear quadratic estimator can be designed to estimate all the states of the lon­

gitudinal system from the accelerometer and tachometer measurements, provided

that we have some knowledge of the degree of uncertainty in the measurements

and of the degree of intensity of the random disturbances on the plant. The plant

model is modified to include the random disturbance effects on the plant and

measurements:

x = Fx+Gu+Gnw

Ym = Mx+v

where:

x is the state vector

w is a random disturbance vector

Ym is a vector of the measured quantities

v is a random measurement noise vector.

(N.49)

Assume that w(t) and v( t) are independent white noise processes with spectral

density matrices Q and R, respectively. A Kalman-Bucy filter, [Kalman] with

filter gains L, can then be designed for the optimal estimate of the state vector,

X, given by

:i: = Fox+Gou +L(Ym - Mx) (N.50)

Ideally the plant model used in the estimator would have the same parameters as

the actual plant, i.e. Fo = Fand Go = G.
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The complete statistieal nature of the random plant disturbance vector, w, and

the process noise input matrix, Gn , is rarely known in practiee. By the lack of any

better approximations, the process noise input matrix is assumed to be the same

as the control input matrix, i.e. Gn = G. w is then a scalar white noise process,

whose spectral density, Q, will be selected upon inspection of the symmetrie root

locus of the estimator poles.

The spectral densities of the random noise in the tachometer and accelerometer

measurements can be determined with frequency spectrum analysing instruments.

If we assume that the spectral densities are reasonably uniform from 0 hz to the

control bandwidth, we only need to concern ourselves with the ratio of the two

measurement noise spectral densities during the estimator design.

The paper by Bryson and Hall in [Leondes] give the Euler-Lagrange equations for

the optimal filter problem as:

w = -QG~>'

(N.51)

(N.52)

If we take the Laplace transform of the above three equations, and eliminate x(s)

and >.(s) we obtain the symmetrie rootlocus characteristie equation (SRCE)

where:

Z(s) =Ym(s) =[ Zt(s) ] =M(sI _ F)-lGn
w(s) Z.(s)

(N.53)

(N.54)
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and Zt(s) and Za(s) are the transfer functions from the procesa noise input to

tachometer and acce1erometer measurements respectively.

If the two measurement noise processesare uncorrelated, equation N.53 can be

rewrittenas

If we let Zi(s) = 1j;((:} we can rewrite N.55 as

Rt _ N t ( -s)Nt(s) +1t;Na ( -s)Na(s)
- er D(-s)D(s)

(N.55)

(N.56)

The zeros of the symmetrie root locus equation above are a function of the ra­

tio of the measurement noise spectral densities. They are called the compromize

zeros because they are located somewhere between the zeros of Zt(s) and Za(s).

The form of the locus of the compromize zeros as a function of ;f=} is shown in

Figure N.9.

The CTRL-C program 'lgtlqest' is used to calculate the compromize zeros and

estimator poles as functions of Rt , Ra and Q. The results of this program are

listed in the next section.

The process noise spectral density (QLGT in the print-out) was thenchosen so that

the low frequency estimator poles were in the same range as the low frequency

regulator poles.

The Kalman filter gain matrix, L, of equation N.50 is indicated underESTGAINS

in the print-out.

The matrix equations that constitute the complete longitudinal system with a full I
[;
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order estimator and feedback of the integral error and estimated states can be

summarized as:

:i: = Fx+Gu+Gnw (N.57)

Ym = Mx+v (N .58)

e = Hx-r (N.59)

u = -G.e - Gx (N.60)

x = Fox+Gou+ L(Ym - Mx) (N.61)

The interconnection of all these equations is shown in the longitudinal system

blockdiagram of Figure N.5. These equations can be represented in matrix form

for analysis and simulation purposes:

[
: ] = [: -~G. -;G ][:]+ [ ~1 ] r+ [:n L:] [: ]
:i: LM -GaG. Fo-GoG-LM !i: 0 0

(N.62)

The eigenvalues of the system matrix above are the same as the eigenvalues of the

regulator and the estimator If Fa = F, and Go = G. If the initial estimate of the

state vector is the same as the initial state vector, the step response of this system

will be the same as the response for the full state feedback system of Figure N.7.

An example of the response when 8(0) = 0.1 rad,but the initial estimate 8(0) =
o rad is shown in Figure N.10. It can be seen that large excursions of the plant

states occur initially because the control commands are issued based on the wrong

estimates of the plant states. As the LQG estimator improves its estimates of the

plant states, the wheel speed approaches the commanded value of Oe = 0 and the

frame is held vertical (8(0) = 0 rad).

The performance of the closed loop system in the presence of measurement and

process noise was evaluated. The plot of Figure N.n is generated with the initial
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state estimate the same as the initial plant state and noise inputs as described in

section N.5.

N.6.1 LQE gain calculation program

UCYC6/LGTLqG.CTR

ANALOG LONGITUDINAL CoNTROL SYSTEM WITH FULL ORDER LQ ESTIIlAToR

*******************••*.***** ••****•••****.*****************.***

LONGITUDINAL STATES THETA.ooT; OMEGA; THETA

CoNTROL INPUT WBEEL KoToR ToRQUE (QW)

KEASUREKEHTS TACHOMETER; ACCELERDMETER

UNITS METERS, RADIANS, SECoNDS

****. CONTINUOUS TIME PLANT MATRICES .*•••

FLGT

-0.0333

0.1138

1.0000

GLGT

-0.7075

2.4216

o.

0.0333 54.5447

-0.1138 -151.2607

o. o.

=

GNoISELGT =

-0.7075
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2.4216

O.

MLGT

257

-1. 0000

-0.0011

NLGT

O.

-0.0230

1. 0000

0.0011

O.

4.6700

••••• HATRICES FOR INTEGRAL ERROR FEEDBACK CONTROL •••••

EXTENDED STATE VECTOR IS OIlEGA.ERR; THETA. DOT; OllEGA; THETA

FINT

O. O.

O. -0.0333

O. 0.1138

O. 1.0000

GINT

O.

-0.7076

2.4216

O.

1.0000 O.

0.0333 64.6447

-0.1138 -161.2607

O. O.

***** REGULATOR DESIGK *****

COST FONCTION IiEIGBTING FACTORS ON STATES ANO CONTROL

ADIAG
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30.0 o. o. o.

BDIAG =

1.0

DPTIMAL INTEGRAL ERROR AIID STATE FEEDBACK GArNS

CERI\ =

-5.4772

CLGT =

-47.6924 -6.8830 -228.2964

REGPOLES =

-1.2208 - 1.00061

-1.2208 + 1.00051

-1.3891 + 0.12951

-1.3891 - 0.12951

••••* ESTIHATOR DESIGN *••••

PROCESS AND MEASUREIIENT NOISE SPECTRAL DENSITIES

QLGT =

1.0

RLGT

0.0500

O.

O.

0.1000

XFER FN. ZEROS FROH PROCESS NOISE INPUT TO TACHOMETER It ACCELEROMETER OUTPUTS
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TACIlZEROS =

2.8309

-2.8309

ACCZEROS

-0.0000 + 9.4457i

-0.0000 - 9.4457i

0.0000 + O. i

PLANTPOLES =

-7.4486

7.3232

-0.0216

COMPROMIZE ZEROS FOR SYHIIERIC ROOTLOCUS OF ESTIIIATOR :

COMPRZEROS

192.0571

-192.0571

3.0991

2.5927

-3.0991

-2.5927

OPTlllAL ESTIIlATOR GAINS AII0 ESTIIIATOR POLES

259

ESTGAINS

-6.3092

15.7493

-0.7363

=

0.6621

-1.0452

0.1181
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ESTPOLES =

-1.5074 - O.OOOOi

-4.4218 + O.OOOOi

-16.8260 - O.OOOOi
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The output signal from the servo accelerometer is proportional to
• ••the total pendulum contral torque: Qp (LGT) = ka [g e - (Twn + r R3 e )]

a 3 (vertical)

direction of r
R3frame acceleratian

for forward pitch : 8 > 0
pendulurn contral tarque
Q p (LGT) > 0

for forward acceleration
of the frame:• ••( rwn +rR3 e) > 0

pendulurn contral torque
Q (LGT) < 0

P

FRAME F --.,

Pendulum position
if no control torque
had been applied

[

1

[

[

[

[

I
.1

[

Figure N.!: Longitudinal Accelerometer Measurement
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Figure N.2: Openloop Frequency Response of QOS(8)
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Figure N.3: Typical Time Response Durlag a Transfer Function Indentification Test
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10

YACCEL

1

frequency (Hz)
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/1 P
0
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THE0RET ICAL RESP0NSE
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0
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Figure NA: Theoretical and Measured Frequency Responses for the Upside Down Uni­
cycle
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Figure N.5: General Feedback Contra! System Blockdiagram



266 APPENDIX N. CONTINUOUS TIME LONGITUDINALCONTROL SYSTEM

SYMMETRIe R00T L0CUS 0F L0NGIT. SYSTEM

0.0-2.-4.-8. -6.

Real
- 10.- 12.

\
\

\
r\

\
\
\
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A /8 = 30

'/\
/ \

/ \

/
/ ~.ft

c' r \F ~

L

o.
- 14.

9.

2.

3.

8.

7.

10.

6.

>-,
~

d
5 .............

::l.1J
:d

8- 4.

Figure N.6: Symmetrie Rootlocus of the Longitudinal Closed Loop System for values
of Franging from 0 to 10 000
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FREQ. RESP0NSE WITH FULL STATE FEEDBACK

------r-.
-,-.
~
~

0,0

- 5.

- 15.

INPUT

. 1

frequency (Hz)
0MEGA-C0MMAND ; 0UTPUT 0MEGA

I
;r=

1, 1

- ----- r----..

<. -.
~

<,
r-.

0.00

-250: 0 1

-50.

----.
QD - 100.
CJ)

'""0
-----CJ)

- 150,rJl
co

..c:
0.

-200.

frequency (Hz)

Figure N.8: Frequency Response of the Longitudinal Closed Loop System with Full
State Feedback
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L0CUS 0F C0MPR0MIZE ZER0S VS. RT/RA
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Figure N.9: Symmetrie Root Lod ofthe Compromize Zeros and Estimator Poles
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RESP0NSE WITH FULL 0ROER ESTIMAT0R
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RESP0NSE WrTH FULL 0RDER ESTIMAT0R
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Appendix 0

Discrete Time Longitudinal

Control System

0.1 Sampling rate selection

The continuous time compensator designed in the previous section must be dis­

cretized for implementation as a digital control system in the on-board computer

of the unicycle. The selection of the best sample rate for the digital computer is

a compromise among many factors. First of all, the sample period must be long

enough to allow all the control calculations for the longitudinal and lateral control

systems to be completed. The sampling theorem states that in order to recon­

struct an unknown band-limited continuous signal from sampies of that signal, the

sampie rate f. must be at least twice as high as the highest frequency contained

in the unknown signal. We can consider the input signal to a digital controller

to have a spectral content up to the system's closed loop bandwidth, fe. The

longitudinal closed loop system has a bandwidth of less than 0.5 Hz, so that the

fundamentallower bound on the sampling frequency should be approximately 1

Hz. In order to have acceptable tracking effectiveness of the reference input com­

mand, good regulation during random disturbance inputs and rejection of errors

due to measurement noise, it is customary to use sampling rates of at least an

272
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order of magnitude greater than this value. (Refer to chapter 10 in [FranklinJ).

Experiments with the rnicroprocessor mounted on the unicycle have shown that

all the control system calculations can be done in less than 25 milliseconds. A

sampling frequency of 40 Hz is therefore chosen, i.e.

T,ample = 0.025 sec. (0.1)

I
i

i.;,

We can associate a pure transportation delay of approximately one half of a sam­

pIe period with the sampIe and zero-order-hold (ZOH) device which converts the

analog plant signals for input to the rnicroprocessor.

where 8 is the Laplace operator.

The phase shiftadded to the openloop system due to the sampling process is

caluculated, because it can decrease the phase margin of stability signiflcantly if

the sample rateis too low. At the closed loop bandwidth (lBW) of approximately

0.5 Hz, the phase lag due to the ZOH is

~ZOH = WBw~olIampll!

= 1r~ = 2.25 degrees
~

This small phase lag should not have a serious effect on the system stability.

0.2 Equivalent discrete LQG compensator

0.2.1 Discrete time regulator

A discrete time regulator with integral error feedback ofthe wheel speed, fl, can be

designed by first discretizing the continuous time plant matrices of equation N.30,

using the sample time T, defined in the previous section:

l

,\

[
e(k+1) ] [1 He][e(k)] [re] [rr]= +. u(k) + r(k)x(k+ 1) 0 cl? x(k) r 0

(0.2)
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where [x(k) = B(k) n(k) O(k)jT

and r(k) is the reference input.

The measured outputs are

Ym(k) =Mx(k) +Nu(k)

Simpify equation 0.2 to:

(0.3)

(0.5)

(0.6)

xI(k +1) = i1iIXI(k) +rlu(k) +rrlr(k)

where xI(k) = [eCk) eCk) n(k) O(k)jT (004)

The continuous time cost function of equation N.29 can also be converted to

an equivalent digital performance index as described in Appendix D of reference

[Bryson 1].

Given the continuous time performance index

1100

J = - (XIAxI +uTBu)dt
2 0

the CTRL-C program 'lgtdlqg.ctr' uses the algorithm by Van Loan [Van Loan]to

calculate the weighting matrices in the discrete time performance index beiow,

which will produce the discrete closed loop system whase performance is the same

as that of the original continuous time system.

JD = 'E[xT(k)uT(k)] [AD ND] [XI(k) ]
k=o ND T BD . u(k)'

The QZ algorithm in CTRL-C does not currently support the cross terms ND in

the cost function above, but if we transform the system in equation 0.4 to

xI(k + 1) = (i1iI - rjBD-1 . NDT)XI(k)+ rlü(k) (0.7)

ülk) = u(k) +BD-1 . NDTxI(k) = -CxI(k) (0.8)

the cost function of equation 0.6 becomes
00

JD = 'L,.xT(k)(AD-ND.BD-1.NDT)XI(k)+üT(k)BDü(k)
k=O
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We can now use the standard QZ algorithm to solve for the regulator feedback

gains C of the system of equation 0.7 and modified cost funetion of equation 0.9.

The desired feedback gain for the regulator u(k) = -CIXI(k) ia then from equa­

tion 0.8:

(0.10)

A print-out of the results of this program is shown in section 0.2.3. The optimal

feedback control law, with al1 states available, is:

[

O(k) ]
u(k) = -Cee(k) - C n(k)

O(k)

(0.11)

A pole mapping of the continuous time regulator poles of section N.6.1 by nieans

of the z-transformation, z = esT , confirms the locations of the equivalent discrete

time design's regulator poles as indicated in the print-out listed in section 0.2.3.

The step response of the discrete plant shown in Figure 0.2 is also the same as

the continuous system step response of Figure N.7.

0.2.2 Discrete time estimator

A discrete equivalent of the continuous time estimator of section N.6 is designed to

estimate the plant states from the two sampled data measurements of the tachome­

ter and accelerometer signals.

The spectral densities of the process and measurement noise inputs, Q and R of

the continuous time system must be converted to covariance matrices QD and RD

for the digital estimator, Appendix D of reference [Bryson 1] shows that QD can

be found using duality of the regulator performance index design converslon.

The measurement noise input Vd(t) to the discrete time estimator is a sample of

the random white noise input v(t) of equation N.49. For the discrete time system
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we should rather model v( t) as colored noise with a variance V and a correlation

time Tc that is smaJI compared to the shortest time constant of the plant. v(t)

could be generated by the first order system

Teil(t) + v(t) = n(t)

where n(t) is a white noise process with spectral density

R = 2VTe

(0.12)

(0.13)

If we discretize the shaping filter of equation 0.12 with the sampIe period of TB,

wehave

and the variance of the purely random sequence nd(I.:) is

RD = V [l-e-~]

as derived in reference [Bryson 1].

If V is eliminated between equations 0.13 and 0.15,

(0.14)

(0.15)

(0.16)

L
I

The elements of the RD matrix were therefore chosen proportional to the elements

of the given spectral density matrix, R, as a function of the correlation time Tc

and the sampling period TB' The choice of values for Tc and TB was motivated in

sections N.5 and 0.1 respectively.

A print-out of the discrete time rnatrices is given in the next section. It shows the

optimal closed loop estimator eigenvalues and the Kalman filter gains, L, where

x(I.: +1) = <px(k) +ruCk)

x(k) = x(k) +L[Ym(k) - Mx(k) - Nu(k)]

(0.17)

(0.18)
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Equation 0.17 is known as the time update oftheKaIman filter and equation 0.18

is called the measurement update. Substitution of 0.17 into 0.18 gives the pre­

diction estimator equation

x(k +1) = 91[I - LM]x(k) +UYm(k) +[I' - UN]u(k) (0.19)

The optimal prediction estimator poles are therefore given by the eigenvalues of

91 [I - LM].

The integral error state which is shown as part of the plant system of equations 0.4

is actually part of the compensator.

Therefore let

e(k +1) = e(k) +Hex(k) + feu(k) +f rr(k) (0.20)

where

He = 911(1,2: 4)

I', = f1(1)

(0.21)

(0.22)

The regulator feedback law is

u(k) = -Cee(k) - Cx(k) (0.23)

Equations 0.19, 0.20 and 0.23 can now be combined to form the compensator

system matrices

(0.24)

(0.25)u(k) =

[
e(k +1) ] [1- feCe He - r,c ] [ e(k) ]
x(k+ 1) = (UN - f)Ce 91 [I - LM] + rUN - f]C x(k)

+ [:L] Ym(k) + [ f; ]r(k)

-[Ce C] [e(k)]
x(k)

A block diagram of the discrete time closed loop system is shown in Figure 0.1.

The closed loop system matrices are obtained by using the plant equation x(k+1)
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= il?x(k) + fu(k) and eliminating u(k) and Ym(k) from this equation and the

compensator equations:

-fC

[

x(k +1)]
eCk + 1)

X(k+1)

=

+

[

il? -rc,
o 1- r,c;

il?LM -rc,

[~ ]-(')

] [

x(k) ]
H. - f.C eCk)

il?[I - LM] - fC x(k)

(0.26)

If the initial estimate of the state vector is the same as the initial plant state

vector, the step response of this system will be the same as the response for

the full state feedback system of Figure 0.2. An example of the response when

1/(0) = 0.1 rad, but the initial estimate 8(0) = 0 rad is shown in Figure 0.3. It

can be seen that large excursions of the plant states occur initially because the

control commands are issued based on the wrong estimates of the plant states.

As the LQG estimator improves its estimates of the plant states, the wheel speed

approaches the commanded value of nc = 0 and the frame is held vertical (1/ = 0

rad),

0.2.3 Optimal regulator and estimator gains

DISCRETE LDNGITUDINAL LQG DESIGN

********************************

LDNGITUDINAL STATES : THETA.DDT; DHEGA: THETA

CDNTROL INPUT : WHEEL MOTOR TORQUE (QW)

HEASUREHENTS TACHOHETER, ACCELEROHETER
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UKITS METERS, RADIANS, SECONOS

........ CONTINUOUS TIME SYSTEM MATRICES ******

FLGT •

-0.0333 0.0333 54.5447

0.1138 -0.1138 -151.2607

1.0000 o. o.

GLGT

-0.7075

2.4216

o.

GNOISE

-0.7075

2.4216

o.

IILGT =

-1.0000 1.0000 o.
-0.0011 0.0011 4.6700

NLGT =

o.
-0.0230

••••• CONTINUOUS TIME SYSTEM HATRICES VITH INTEGRAL ERROR FB •••••

EXTENOEO STATE VECTaR IS OMEGA.ERR; THETA.OOT; OMEGA; THETA

279
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FINT •

o. o.
o. -0.0333

o. 0.1138

o. 1.0000

GINT

o.
-0.7075

2.4216

o.

GHEFINT

-1.0

o.
o.
0..

1.0000 o.

0.0333 54.5447

-0.1138 -151.2607

o. O.

• 1/EIGHTING FACTDRS FDR OPTlllAL CDNTlNUDUS TIME HEGULATDR •

ADIAG =

30.0 o. o. o.

BDIAG •

1.0

• PRDCESS AND IlEAS. SPECTRAL DENSITIES FDR CDNTINUDUS SYSTEM •

QLGT =

1.0
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RLGT =

0.0500 O.

O. 0.1000

•••*** DISCRETE TIME SYSTEM MATRICES ******

TSAMPLE

0.0250

PHI

1.0162 0.0008 1. 3692

-0.0445 0.9971 -3.7957

0.0251 0.0000 1.0171

GAJIIIA =

-0.0178

0.0607

-0.0002

• DISCRETE TIIlE SYSTE!! IIATRICES WITH INTEGRAL ERROR FEEDBACK •

PHIINT =

1.0000 -0.0004 0.0250 -0.0473

O. 1.0162 0.0008 1.3692 ~

O. -0.0445 0.9971 -3.7957 r

O. 0.0251 0.0000 1.0171

GAllINT =

0.0008

-0.0178

0.0607

281
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-0.0002

GAMREFIHT ~

-0.0250

O.

o.
O.

* DISCRETE OPTIMAL REGULATOR COST FUHCTIOH WEIGHTIHG KATKICES *

AD

0.7500 -0.0001 0.0094 -0.0118

-0.0001 0.0000 -0.0000 0.0000

0.0094 -0.0000 0.0002 -0.0002

-0.0118 0.0000 -0.0002 0.0003

ND

1.0d-03 *

0.1893

-0.0000

0.0035

-0.0054

BD =

0.0250

* DISCRETE REGULATOR FEEDBACK GAIHS FOR ERROR AND STATES *

CERR

-4.4247

\
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CLGT =

-41.0670 -5.6284 -201.8878

* DISCRETE REGULATDR PDLES *

REGPDLES

0.8312 + 0.01521

0.8312 - 0.01521

0.9696 + 0.02431

0.9696 - 0.02431

* DISCRETE SYSTEM PROCESS AND NOISE COVARIANCE MATRICES *

QD

0.0126 -0.0431 0.0002

-0.0431 0.1474 -0.0005

0.0002 -0.0005 0.0000

RD

283

2.5000

O.

O.

5.0000

* CURREIIT ESTIIIATOR GAIN MATRIX *

LLGT

-0.1155 0.0126

0.2900 -0.0193

-0.0138 0.0023

* PREDICTION ESTIMATOR GAIN MATRIX LPRED=PHHLLGT *

LPRED
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-0.1360 0.0160

0.3465 -0.0286

-0.0169 0.0027

* PREDICTIOll ESTlMATOR POLES *

ESTPOLES =

0.6780 + O.OOOOi

0.8922 - O.OOOOi

0.9654 + O.OOOOi

* CLOSED LOOP SYSTEM POLES *

SYSPOLES '"

0.6780 - O.OOOOi

0.8312 + 0.0152i

0.8312 - 0.0152i

0.8922 + O.OOOOi

0.9654 - O.OOOOi

0.9696 - 0.0243i

0.9696 + O".0243i

***** COMPENSATOR HATRICES *****

i
!

ACOMP

1.0034

-0.0769

0.2657

-0.0007

BCOMP

0.0308

0.1663

2.7681

0.0017

0.0292 0.1056

0.0389 -2.2157

0.9887 8.4615

0.0160 0.9723

')

)
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o. O. -0.0250

-0.1360 0.0160 O.

0.3465 -0.0286 O.

-0.0169 0.0027 O.

CCOIIP

4.4247 41.0670 5.6284 201. 8878

DCOIIP ~

285

o. o. o.

MODAL FORM OF COIIPENSATOR :

COIIPENSATOR INPUTS [YTACH(K) YACC(K) HEF(K)]

COIIPENSATOR OUTPUT : QlI(K) ~ 1llIEEL TORQOE

AKDDAL

-0.0664 -0.0000

0.0000 0.9314

0.0000 0.0000

0.0000 -0.0000

BKODAL

0.0000

0.0000

1.0011

0.0000

0.0000

0.0000

O.

1.2545

4.6483 -0.5677 0.0521

0.0806 -0.0051 -0.0008

0.2574 -0.0476 -0.2435

-1.2481 0.2868 -0.0448

CKODAL ~

-1.1031 -2.1475 -0.0305 1. 3899
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DlIDDAL

O.

SYSPDLESM

O. O.
I
l

0.6780 + O. i

0.8312 + 0.0152i

0.8312 - 0.0152i

0.8922 - O.OOOOi

0.9654 + O. i

0.9696 + 0.0243i

0.9696 - 0.0243i

NOIlINAL 1iIIEEL SPEED DURING STEADY STATE :

DMEGAO

3.0

STEADY STATE VAL1JES OF EsTIMATOR STATES XI(!) THROUGH XI(4)

XI

13.3487

3.4915

-38.7489

15.2396

STEADY STATE VALUE DF CDNTRDL TDRQUE:'

QlI =

0.141

I

I
I I
•

I
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0.3 Modal decomposition of LQG compensator

287

The number of numerical calculations can be significantly reduced if the compen­

sator of equations 0.24 and 0.25 is transformed to modal form. Implementing

the compensator in this form is also numerically less sensitive.

Rewrite the compensator as

xe(k +1)

u(k)

where

(0.27)

(0.28)

[0 -1]Be = = [By Br ]
iJ!L 0

Let the modal coordinate state vector be eCk), then

x(k) = TeCk) => eCk) = T-1x(k)

(0.29)

(0.30)

where T is a non-slngular transformation matrix, whose columns are the right

eigenvectors of Ac above.

With this transformatlon applied to equations 0.27 and 0.28 the modal form of

the compensator becomes

eCk +1)

u(k)

(0.31)

(0.32)
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where

Am = T-1AcT

B m = T-1Bc

Gm = GcT

Dm = Dc (0.33)

Am is a diagonal matrix if Ac has no repeated eigenvalues. The values of the

compensator matrices in modal form are listed at the end of Section 0.2.3.

Notice that since Dm = 0,

u(k) = Gm~(k) (0.34)

The closed loop system with the compensator in modal form then becomes

The compensator is implemented in the on-board microprocessor of the unicycle,

using the FORTH [Mach2] programming language, Since calculation of the control

torque command takes up approximately 25% of the sampling period, a prediction

compensator is implemented to calculate the correct control command at the next

sampling Instant, based on measurements at the present sampling Instant. The

algorithm is summarized b elow:

- At the sampling instant, issue the control torque command u(k) that was

calculated during the previous sampling period, to the wheel drive motor.

- Read the sensors to obtain Ym(k) and r(k).

- Update the compensator states by using equation 0.31:

~(k +1) = Am~(k) +e; [ Ym(k)]
r(k)
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- Calculate the control command for the next sampling instant, u(k +1), by

using equation 0.32:

u(k +1) = Cm~(k+1)

- Wait for the next sampling instant and then repeat the loop.

In order to start the longitudinal system with minimum transients in the control

torque the best estimate for the initial values of the estimator states should be

used. The unicycle is first brought up to the nominal speed flo by using feedback

of the tachometer signal only. No attempt is made to stabilize the unicycle during

this phase, and the operator holds the unicycle as vertical as possible during the

speed-up phase. The plant model simplifies to a first order system

(0.36)

with the coeflicients as defined in Appendix M. A PID compensator with integral

error feedback control was designed, with the transfer function

(0.37)

K; = 16 and Zt = 0.9 gives a good time response of the longitudinal system dur­

ing the phase where the wheel speed is accelerated to the nominal operating speed.

The initial values for the plant and estimator states when the nominal operating

speed is reached, can be calculated from equation 0.35 by noticing that in this

steadystate condition

so that

[
x(k) ]

~(k)

and r(k) =flo (0.38)

(0.39)
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whence we find eo that should be used to initialize the compensator states in the

on-board computer.

A listing of the FORTH code that implements the longitudinal control algorithm

is shown in Appendix P.

0.4 Pole-zero compensator with accelerometer sen-

sor

Control systems designed by successive loop closure techniques not only produce

compensators of low order, but usually have better robustness to plant variations

than LQG designs.

We will use the same sampling period as for the LQG design. The CTRL-C pro­

gram 'lgtdtach' is used to design the controller and a listing of the program is

shown in the next section. The on board microprocessor on the unicycle takes

a finite time, Tdelay, to complete all the calculations for the compensator. This

delay is incorporated in the plant model as a pure transportation lag by means

of a first order Pade approximation before the plant is discretized. Section N.3.2

describes how this adds an additional state to the plant state space model.

The first loop closure in the compensator design is a proportional feedback of the

tachometer signal. Figure 0.4 shows the rootlocus of the tachometer feedback loop

as a function of the feedback gain K t . We would like to select K; as large as possi­

ble since this would decrease the nonlinear effects of stiction, Coulomb friction and

friction variations due to the eccentricities in the gears of the wheel drive system.

Figure 0.4 also shows that there is an upper limit on the magnitude of K; be­

cause the damping in the tachometer feedback loop can become unacceptably low.
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The accelerometer feedback loop is closed next. Since an unstable pole is present,

a compensation pole is placed close to it outside of the unit circle. A compensation

zero is also placed just inside the unit circle to draw the rootlocus into the stable

region of the z-plane as shown in Figure 0.5. Notice that there is a range of loop

gain values, K., for which the closed loop system is stable. The lower bound on

K. is determined by the gain for which the low frequency locus enters the unit

circle and the upper bound by when the high frequency part of the locus leaves

the stability region. Without careful compensator design it can happen that the

damping on the low frequency closed loop poles is .not yet sufficient before the

damping on the high frequency poles become unaccept,ably low. The final design

of the compensator was obtained through iteration and inspection of the closed

loop step response.

In order to simulate the time response of the closed loop system the compensator

was modeled as shown in the block diagram of Figure 0.6. The block diagram

shows a first order compensator in the tachometer loop for greater generality, but

it can be changed to a proportional feedback controller by letting Pt = Zt = O.

The plant equations are

x(k+1) = ilix(k)+ru(k)
JF\

Ym(k) = Mx(k) +Nu(k)

where Ym(k) is the measured tachometer, Yt(k), and accelerometer, y.(k).

The compensator matrices are

(0.40)

(0.41)

[
xt(k + 1) ]

x.(k +1)
=

+

[
Pt K.(p. - z.) ] .[ xt(k) ] + [ -1

o P. x.(k) 0

[
KrK. ] r(k)
Kr

-K. ] [ Yr(k) ]
-1 y.(k)

(0.42)
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or

x(k + 1) = Acx(k) + BcYm(k) + Rcr(k) (0.43)

or

[
xt(k) ] + [-Kt
xa(k) [

Yt(k) ]

Ya(k)

(0.44)

u(k) = Ccx(k) +DcYm(k)+Scr(k) (0.45)

The value of Kr is selected so that the transfer function from r(k) to oa(k) is unity

in steady state:

Um oa(k) =
.--+1 r(k)

so that Kr must be

li K K
Z - s«

m r a-­
%-+1 Z - Pa.

1- Za
= K rKa--=l

1- Pa
(0.46)

(0.47)

We can now combine the plant equations 0.40 and 0.41 with the compensator

equations 0.43 and 0.45 to abtain the closed loop system equations:

where

[
x(k +1)] =

x(k + 1)

+

[
W+ r DCJ M r(Cc+DcJNCc)] [X(k)]
BcJM Ac+BJNCc x(k)

[
r(SC+DJNSc) ] r(k) (0.48)
Rc+BcJNSc

(0.49)

Figure 0.7 shows a step response for a 1 rls command in wheel speed. Figure 0.8

shows the loop gain and phase versus frequency of the longitudinal system.
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0.4.1 Successive loop closure compensator parameters

UCYC9/LGTDTACH.CTR

LGT DISCRETE COIlPENSATOR DESIGN 1/ITH PADE APPROX FOR TIME DELAY

****.******************.****.*******.******••********.*********

LONGITUDINAL STATES THETA. DOT; OMEGA; THETA; XD

CONTROL INPUT WHEEL MOTOR TORQUE (QV)

MEASUREMENIS TACHOMETER; ACCELEROMETER

UNITS METERS. RADIANS • SECONDS

TSAHPLE

0.0250

TDELAY

0.0050

****** CONTINUOUS TIME SYSTEM MATRICES ******

FLGT

-0.0333

0.1138

1.0000

O.

0.0333 54.5447

-0.1138 -151.2607

O. O.

o. o.

-1.4149

4.8433

O.

-400.0000

GLGT =
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0.7075

-2.4216

O.

400.0000

HLGT =

-1. 0000

-0.0011

1.0000

0.0011

O.

4.6700

o.
O.

NLGT Ja

O.

-0.0230

••**** DISCRETE TIME SYSTEM MATRICES ******

PHI

1. 0162

-0.0445

0.0251

O.

GAM .

~0.0142

0.0485

-0.0001

1.0000

0.0008

0.9971

0.0000

O.

1.3692

-3.7957

1. 0171

O.

-0.0036

0.0122

-0.0001

0.0000

•••••• PLANT TRANSFER FUNCTIONS •••••

TRANSFER FOlICTION FROH lIIIEEL DHIVE TORQUE TO TACHOMETER MEASUREKENT

TACHGAIN =
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0.0627 + O.OOOOi

TACHZEROS

1.0733

0.9317

-0.2488

TACIIPOLES •

1.2009 - O.OOOOi

0.9995 + O.OOOOi

0.8301 - O.OOOOi

0.0000 + O. i

TRANSFER FUNCTION FROH WIIEEL DRIVE TORQUE TO ACCELEROMETER KEASUREKENT

ACCGAIN =

0.0230 + O.OOOOi

ACCZEROS

1.0035 + 0.2359i

1.0000 - O.OOOOi

1.0035 - 0.2359i

-0.0023 + O. i

ACCPOLES •

1.2009 - O.OOOOi

0.9995 + O.OOOOi

0.8301 - O.OOOOi

0.0000 + O. i

TRANSFER FUNCTION FROH 1IIlEEL DRIVE TORQUE TO I/IIEEL SPEED ( OMEGA )
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GMGGAIII =

0.0485 + O.OOOOi

GMGZERGS

1.0838

0.9227

-0.2488

DMGPGLES

1.2009 - O.OOOOi

0.9995 + O.OOOOi

0.8301 - O.OOOOi

0.0000 + O. i

•••••• TACHGMETER fEEDBACK !.GOP PAIlAIIETERS ( INNER LGGP) ••••••

TACH LGGP PROPGRTIGNAL FEEDBACK CDMPEIISATDR GArIl=KT

KT

15.0

CLDSED TACHGMETER !.GOP GArN, ZEROS AIID PGLES YACC(S)/TACHCMD(S)

TACHLDDPZE =

1.0035 + 0.2359i

1.0000 + O.OOOOi

1.0035 - 0.2359i

-0.0023 + O. i

TACHLDDPPD =

1.0876 + O.OOOOi
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0.9~3 - 0.00001

0.0302 + 0.47681

0.0302 - 0.47681

TACIILOOPGA ~

-0.3447

•••••• ACCELEROMETER FEEDBACK LOOP PARAMETERS ( OUTER LOOP) ••••••

FIRST ORDER COIIPENSATOR:

GAIII=KA; ZA~ZERO t PA=POLE

KA =

-20.0

PA =

1.0500

ZA =

0.9600

KR ~

0.0625

ACCLOOPZE ~

1.0838 + 0.00001

0.9600 - O.OOOOi

0.9227 + O.OOOOi

-0.2488 + O. 1
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ACCLOOPPO =

0.9351 + 0.1625i

0.9782 + 0.0281i

0.9782 - 0.0281i

0.9351 - 0.1626i

0.0337 - O.OOOOi

0.5 Pole-zero compensator with vertical sensor

We will use the same successive loop elosure design approach as in section 0.4,

but this time assume that we have a sensor that measures the pitch angle, (). The

first loop elosure in the compensator is feedback of the tachometer signal, with an

integral error compensator consisting of a pole at z = 1 and a zero at Zt = 0.75.

Figure 0.9 shows the root locus of the tachometer feedback loop as a function of

the loop gain K t • The print out of the CTRL-C program that was used to design

the compensator is shown in section 0.5.1.

The pitch angle feedback loop is elosed next, with a first order compensator where

the pole is at Z = 1.03 and the zero at Z = 0.95. The root locus of the outer

loop is shown in Figure 0.10. Notice that the high frequency root locus enters

the unstable region of the z-plane for high loop gains IKpl > 150. This is a sig­

nificant improvement over the situation with the accelerometer sensor where the

high frequency root locus branches were strongly attracted by the pair of complex

zeros just outside the unit drele. The enlargement of the low frequency root locus

brauch near z = 1 (Figure 0.11) shows that the loop gain K p was selected so that

the elosed loop poles were weil damped.

The simulation of Figure 0.12 shows a time response of the elosed loop system to
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a unit step command in wheel speed.

0.5.1 Pitch feedback compensator calculation

UCYC7/LGTDTACH.CTR

LGT DISCRETE CDIIPENSATDR DESIGN llITH PADE APPRDX FOR TIIIE DELAY

**.*******••••••••••••••***••••••**•••••••••••••••***•••***••••

LONGITUDINAL STATES THETA. DOT; DMEGA; THETA; XD

CDNTROL INPOT VHEEL KOTOR TORQUE (QW)

KEASUREKENTS TACHOMETER; PITCH SENSOR

UNITS METERS, RADIANS, SECONDS

TSAIIPLE =

0.0250

TDELAY =

0.0040

•••••* CONTINUOUS TIME SYSTEM MATRICES *•••••

FLGT =

299

-0.0333

0.1138

1.0000

O.

0.0333 54.5447

-0.1138 -151.2607

O. O.

O. o.

-1.4149

4.8433

O.

-500.0000
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GLGT

0.7075

-2.4216

O.

500.0000

HLGT =

-1.0 1.0 O. O.

O. O. 1.0 O.

NLGT

o.
O.

****** DISCRETE TIME SYSTEM MATRICES .*....
PHI =

1.0162

-0.0445

0.0251

O.

GAH

-0.0149

0.0509

-0.0002

1.0000

0.0008 1.3692 -0.0029

0.9971 -3.7957 0.0098

0.0000 1.0171 -0.0001

O. O. 0.0000

****** PLANT TRANSFER FUNCTIONS *****

TRANSFER FURCTION FROH 1IIIEEL DRIVE TORQUE TO TACHOMETER MEASlJREMENT
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!
[

!
!
[
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TACHGAIII

0.0658

TACHZEROS =

1.0733

0.9317

-0.1895

TACHPOLES =

1.2009 + 0.00001

0.9995 + 0.00001

0.8301 - 0.00001

0.0000 + o. 1

TRAIISFER FllIICTIOII FROIl lIIIEEL DRIVE TORQUE TO PITCH IlEASUREIIEIIT

PITCHGAIII

-1. 5614d-04

PITCHZEROS

-1.7782

1.0000

-0.0203

PITCHPOLES

1.2009 + 0.00001

0.9995 + 0.00001

0.8301 - 0.00001

0.0000 + o. 1

301
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TRANSFER FUNCTION FROll 1IIIEEL DRIVE TORQUE TO 1IIIEEL SPEED ( OIlEGA )

OllGGAIN

0.0509

OllGZEROS =

1. 0838

0.9227

-0.1895

OllGPOLES

1.2009 + O.OOOOi

0.9995 + O.OOOOi

0.8301 - O.OOOOi

0.0000 + O. i

•••••• TACHDMETER FEEDBACK LDOP PARAMETERS ( INNER LOOP) ••••••

TACH LODP PROPORTIONAL FEEDBACK COHPENSATOR GAIN=KT, ZERO=ZT, PDLE=PT

KT

15.0

ZT =

0.7500

PT

1.0

CLDSED TACHOMETER LODP GAIN, ZEROS AND POLES YPITCH(S)/TACHCHD(S)
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TACHLOOPZE =

-1.7782 - O.OOOOi

1.0000 - O.OOOOi

0.7500 + O.OOOOi

-0.0203 + O. i

TACHLOOPPO =

0.1735 + 0.4160i

1.0766 + O.OOOOi

0.9271 - O.OOOOi

0.6922 + O.OOOOi

0.1735 - 0.4160i

TACHLOOPGA

0.0023

•••••• PITCH ANGLE FEEOBACK LOOP PARAMETERS ( OUTER LOOP) ••••••

FIRST ORDER COHPENSATOR:

GAIIl=KP; ZP=ZERO I: PP=POLE

KP

-40.0

PP

1.0300

ZP

0.9500

303



304 APPENDIX O. DISCRETE TIME LONGITUDINAL CONTROL SYSTEM

KR =

0.0150

PITCHLODPZ =

1.0838 - O.OOOOi

0.9500 +o.6600i

0.9227 - O.OOOOi

0.7500 + O.OOOOi

-0.1895 + O. i

PITCHLDDPP =

0.3144 + 0.4736i

0.3144 - 0.4736i

0.9834 + 0.0249i

0.9834 - 0.0249i

0.8472 - O.OOOOi

0.5366 + O.OOOOi
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,..--------------,

REGULATOR

l~ _ PLANT
---------~---~----------------- I

u (k)

INTEGRAL ERROR
ESTIMATOR

u(k)

r (k)

reference
input

STATE
ESTlMATOR~ ~ ~4 ,~ 1

----I rr 1---+------1
r-----------------------

Figure 0.1: Blockdiagram of a Discrete Time LQG Compensator with Integral Error
Feedback
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5.03.0 4.0 5.0
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2.01.0
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Figure 0.2: Step Response of the Longitudinal Discrete Time System with Full State
Feedback
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RESP0NSE WITH FULL 0RDER ESTIMAT0R

6.03.0 4.0 5.0

tirne(s)
2.01.0

Qw

- TSc rnrbl e - ~5 ms'1

Act ual e(c ) = 0. 1 ra~While

Iri i i ial Est rnated Sta tes all Zer 0
I \

\
\

I
k

I~~1\ r-......
/

I,
V \ ~/ ((

[.....---'

I r
\

V\8/
\ /

1/
.

5.

15.

10.

20.

- 15.

-20.
O.

.--..
t:lD 0.0
Q.)

"0----
-5.

.--..
CI)

<,
"0

<tl
~ - 10.----

.--..
S
I

Z----

Figure 0.3: Response of the Longitudinal System with a Full Order Estimator with
8(0) = 0.1 rad, but 9(0) = 0 rad
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R00TL0CUS 0F TACH0METER·L00P VERSUS KT

1.51.0

- _.{ :::::: 0/' ...... '>/ ........ r
<,

-,

"-
-,

0.0 0.5

Real(z)

/
I
\

-0.5

1.0r--------,-------::::::=---r--=:::::;:-------r-------=-----,,------

0.5

- 1. 0~ .L____=~.l..-OC:::::::::=--__J..___ ..L..- _____l

-1.0

-0.5

Figure 0.4: Rootlocus of the Discrete Time Longitudinal Tachometer Loop with Pro­
portional Feedback of the Tachometer Measurement
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R00TL0CUS 0F ACCELER0METER L00P VERSUS KA
O. 3)E-----,....--------,------.-----.-----,-------.

0.2

............ tc; = ·-20
<,

.......

O. 1

- . 1

- . 2

1.11.00.8 0.9

Real(z)
0.7

_ . 3~----.cL-----JL--------'------'-------'-------'
0.6

Figure 0.5: Rootlocus of the Accelerometer Loop with a First Order Pole-zero Com­
pensator
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L0NGITUDINAL TIME RESP0NSE
5. r--,....---.,---,--..,----,----,----,-----r---,---,-----.-----,

4.

- Tsarnple==25ITIsQ.O
3.Q)

""d-
CE> '\

10)\
2. I \-S I \

I I [2 . Iz-...- 1.
;s:
a

O.-0
CJ.)
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<,
'"d -1.co
~-...-
c: Ocornrnand 1 r/s STEP

-2.

- 3. L...-_.L.-_.l..-_...l.-_....L....-_.....l-_--I....-_--I....-_---l-_---l....-_--l..-_.......L...-_.....J

O. 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

time (seconds)

Figure 0.7: Step Response of the Longitudinal ClosedLoop System Designed by Suc­
cessive Loop Closure (~\o.~~~\e.~ ~\)

J



312 APPENDIX O. DISCRETE TIME LONGITUDINAL CONTROL SYSTEM

101.4.2.

"--. -3 dB

..
<,

~ r-, .>
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4 .
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L0NGITUDINAL PLANT CL0SED L00P FREQUENCY RESP0NSE
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Figure 0.8: Loop Gain and Phase versus Frequency of the Discrete Time Longitudinal
Control System Designed by Successive Loop Closure
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. \
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Figure 0.9: Root Locus of the Discrete Time Longitudinal Tachometer Loop with
Integral Error Feedback of the Tachometer Measurement
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R00TL0CUS 0F PITCH F.B. L00P VERSUS KP
J

1.51.00.5

Kp = -40

- - - - - . ...:...( ~
..." 0............ ;>

<,

1. 0 ,.-........,=------:'---,--------..,....----------,

0.5

- 1. 0 \.-~~=-- ~ --L..- ---.J

O.

-0.5

Real(z)

Figure 0.10: Root Locus of the Pitch Angle Feedback Loop with a First Order Com­
pensator
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Figure 0.11: Enlargement of the Pitch Loop Root Locus in the Vicinity of z ::::: 1
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L0NGITUDINAL STEP RESP0NSE
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Figure 0.12: Step Resonse of the Longitudinal Closed Loop System with Pitch Angle
Feedback



Appendix P

FORTH Codes for

Longitudinal Control

P.l Successive Loop Closure and Accelerometer

The FORTH [Mach2] code which implements the compensator designed by suc­

cessive loop closure (section 0.4) with an accelerometer sensor, is listed below.

During the first 200 sample periods, the control algorithm closes the tachometer

feedback loop only, to bring the wheel speed up to the nominal speed, no. The

operator tries to hold the unicycle robot as vertical as possible during this stage.

Thereafter the algorithm closes the accelerometer feedback loop to start the bal­

ancing process.

All the compensator calculations are performed in fixed point arithmetic with a

64-bit word length, in order to minimize the computational delay. The tachometer

measurement and control torque signals are scaled up by a factor of 103 and the

accelerometer signal is scaled up by a factor of 106 in the computations in order

to malntaln good numerical accuracy.

317
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The program listing is documented with comments to explain the logic of the

algorithm,

( ========== ·Longitudinal Contral Turnkey Program =::11============)

( Program to test ucyc9/1gtdtach controller

( Tight tach feedback loop closed first )

Tsample = 25 milliseconds )

o VERIFY !

LOAD/TAROET ( Turn echoing off during dovnloading )

( ••**••••••***•••••** DEFlNE ADDRESSES AHD CDNSTANTS •••••••••••**...... )

IlEX

800000 CDHSTAHT LATDACADDR ( Set LAT DAC's address

800010 CDHSTAHT LOTDACADDR ( Set LOT DAC's address )

800020 COHSTAHT LATEHCADDR (Set LAT Encoder's address )

800030 COHSTAHT LGTEHCADDR (Set LOT Encoder's address )

800080 COHSTAHT RCCOUHTERO ( Radio Receiver Interface

800082 COHSTAHT RCCDUHTER1 ( Counter Adresses )

800084 COHSTAHT RCCOUNTER2

800086 COHSTAHT RCCDHTROLl/DRD ( Counter Controlvord address )

800090 CDHSTAHT RCTRIGGER ( Trigger address to RESET IRQ flip-flop )

68 COHSTAHT LEVEL2_IRQ ( Level2 Autovector Address )

8000DO COHSTAHT StHADDR

8000EO CDHSTAHT HUXADDR

8000FO COHSTAHT ADCADDR

( Sample t Hold's address )

( MultiplexerJs address )

( Analog-to-Digital ConverterJs address )
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o CONSTAHT LATACCKUX ( KUXCode for Lateral Aecelerometer )

1 CONSTAHT LGTACCKUX ( KUXCode for Longitudinal Aecelerometer

81000F CONSTANT RTCetrlADDR Set Real Time Clock's Cntrlvord address )

81000B CONSTANT RTCcounterl (Set Real Time ClockJa Counter 1 address )

o CONSTANT CHANNELO ( Terminal task number )

DEClllAL

15 CONSTANT LGTKt ( Taeh loop gain )

-20 CONSTANT LGTKa ( Ace loop gain )

62500 CONSTANT LGTKr ( Kr_l0e6 : referenee input gain )

3000 CONSTANT OmegaO ( 1000_nominal vheel speed )

500 CONSTANT STORELength ( # of entries to besaved in STORE arrays )

1250 CDNSTANT RTCperiodl ( Real Timer Clock Timer 1 initial count )

( for 40 hz sampling fr.q )

VARIABLE LATPl/II ( Lateral Radio Puls. Width )

VARIABLE LGTPl/II ( Longit. Radio Puls. Width )

VARIABLE TICKSAVE ( Memory loeation to save tick count)

VARIABLE LgtEncCount ( Counter for # vheel speeds to average)

VARIABLE SpeedUpCount ( counter for time in speed-up mode )

VARIABLE STORECount ( Counts numbers stored in STORE arrays )

VARIABLE LGTCmd ( LGT acceleration command *10e6 )

VARIABLE LGTxak ( LGT accelerometer compensator etate.tOe6 )

VARIABLE Ytach3 ( Tachometer measurement *10e3 )

VARIABLE Vace6 ( Accelerometer measurement * 10e6 )

VARIABLE Qv3 ( Wheel Torque _10e3 )

319
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400 1000 BACKGROUND SLAVE

400 1000 TERMINAL BOSS

( **************** REAL TIME CLOCK REPROGRAMHING WORDS ***.*************. )

CODE RTCset ( Sete RTC Counter 1 to sampie rate )

MOVE.L DO,-(A6) ( saves contents OI 00 on stack)

MOVE.B #$74,RTCctrlADDR ( Renftes Cntrl1lord for counter ·1 )

HOVE.V #RTCperiodl,DO

HOVE.B IlO,RTCcounterl ( Send 10" byte)

LSR.V #8,DO

HOVE.B IlO,RTCcounterl ( Send high byte )

HDVE.L (A6)+,DO ( Restores original value of DO )

R1'8 ( Return to subroutine )

END-CODE

CR .( Loaded RTCset )

ALSO IIATH

FP32

FVARIABLE STOREl STDRELength 2. 2. VALLOT ( Time hietory )

FVARIABLE STORE2 STDRELength 2. 2. VALLDT ( arrays 1, 2, 3 )

FVARIABLE STORE3 STDRELength 2. 2. VALLOT

( •••••••••••••••••••• REAL TIME CLOCKREADING WORDS .**................. )

CODE ZEROtheTICKS ( - ) ( Zeros the tick counter register )

CLR.L (.15)

RTS

END-CODE
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CR . ( Loaded ZEROtheTICKS )

CODE TICKStoSTACK ( - n ) ( Loade tick count on top ot stack )

KOVE.L (A5)~-(A6) ( Current tick counter value anto stack)

RTS

END-COOE

CR .( Loaded TICKStoSTACK )

( ******************* CONTROL SYSTEM ALGDRITHM WORDS ******************** )

321

S 2048 LATOACADOR V! 2048 LGTOACAODR W! ( Quick motors stop)

: ?DACSATURATE ( n - n ) ( Check it OAC command Saturates )

DUP 4095 > ( check for positive saturation ).

IF DROP 4095 ( drop large value t supply sat. value )

ELSE DUP 0 < ( check for negative saturation)

IF DROP 0 ( drop large value t supply sat. value )

TREN THEH (otherwise keep commanded DAe value )

: VAIT4R ( n -) ( S/V VAIT tor n.30 microseconde )

o DO LOOP ;

: CHECKTSAMPLE ( - t ) ( Check it sempIe time has expired )

TICKStoSTACK ( get tick count )

o > ; ( sets true flag if dt)Q Tsample )

CR • ( Loaded CHECKTSAMPLE

WORK ACTIVATE ( Activate Background task )

S ( Stop all motors )

o LGTCmd! ( Initial LGT reference inputassumsd = 0

o LGTxak! ( Initialize ace. camp. etate to zero )

o SpeedUpCount (Initialize SPEED_UP counter )

o STORECount (Initialize STOREi counter )
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RTeset ( Set Real Time clack to Tsample )

BEGIN

CIlECKTSAMPLE ( Check if aampke time has e:q>ired )

IF ZEROtheTICKS ( If TRUE Raset counter to zero . • • )

( ************ READ LGT TACHOMETER AND ACCELEROMETER ************ )

LGTENCADDR va ( read binaxy value trom ene. interface)

( Bt <- top of stack )

LGTACCMUX MUXADDR W! ( svitch KUX to LGT accelerometer )

1 StHADDR V! ( sample analog signal )

1 WAIT4H ( vait 30 microsec for SaH to settle )

o StHADDR V! ( place StH device in HOLD mode )

1 ADCADDR Vi ( Starts A to D Converter )

1 VAIT4N ( buy a little time for ADC to finish)

ADCADDR va ( reade binary value fram A/D )

( Bt Ba <- top of stack )

4095 - 4884 * 10003660 + ( convert to a voltage*10e6

-31576 100000 */ ( scale by LGTACCGAIN => acc*10e6 )

( Bt Ya6 <- top of etack )

CUP Yace6 ! ( save copy of aceel to print later )

( Bt Ya6 <- top of stack )

SpeedUpCount a 200 > (check if speed-up phase Le over )

( ************** ACCELEROMETER LOOP COMPENSATION **************** )

IF ( it so, add accelerometer compensation )

LGTCmd C ( get acceleration command )

LGTKr * ( mult. by Kr*10e6 -> 10e6 * acceI. cmnd )
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SVAP - ( Bubtract Ya6 to get ace. error*10e6

CUP ( save a copy for compensator update

( Bt EaS EaS <- top of stack )

LGTxak G (get LGT accelerometer compensator etate )

( Bt EaS EaS XaS<- top of stack )

9 100 ./ + ( Jaultiply by pa-za and add to acc , error )

LGTKa 1000 ./ ( Jault. by LGTKa; div. by 1000 -> 1000.da )

( Bt EaS da3 <- top of stack )

ELSE ( during speed-up do tach loop camp. only )

DROP ( drop -Ya6 froJa top of stack )

o 0 ( supply zeros for EaS sud da3 )

( Bt 0 0 <- top of stack )

( *••• **••*••••*** TACHOMETER LOOP COKPENSATIOH .*•••••*.*****.** )

TREN ( da tachometer compensation loop )

OmegaO + ( ..heel speed + da3 )

( Bt EaS sum <- top of stack )

ROT ( get binary value of the tach )

( Ea6 BUR Bt <- top of stack )

CUP ( copy to determine sign later )

1047197S SWAP / ( get 1000'abs(ytach) )

SWAP 2 MOO 0= ( get sign of tbe ..hsel speed )

IF lEGATE THEN ( 0 -> even # => neg. speed)

( Ea6 sum Yt3 <- top of stack )

CUP Ytach3! (save a copy to print later )

( EaS sum Yt3 <- top of stack )
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( get velocity errorol0e3 )

- ( Ea6 Et3 <- top of steck )

LGTKt * ( mult tach loop gain )

( -> 1000*Wheel torque )

( Ea6 Qs3 <- top of stack )

DUP Q~3! (make a copy to print later )

( Ea6 Qs3<- top of stack )

15120 + 2048 15120 */ ( get binary command for DAC )

?DACSATURATE ( check if DAC saturates )

LGTDACADDR V! ( output torque command )

( Ea6<- top of stack )

( .******•••*.******* COKPENSATOR STATE UPDATE ***••************* )

LGTxak G (get LGT accelerometer compensator etate )

( Ea6 Xa6 <- top of stack )

105 100 */ ( multiply by LGTpa )

+ LGTxak ! ( add to the ace. error and save xhat(k+l) )

(stack empty <- top of stack )

1 SpeedUpCount +! ( increment speed-up counter)

( ******************** STORE TIME HISTORY ****.*.*********.****** )

STORECount 0 STORELength <

IF

Qs3 0 I>F 1000. F/ ( Seale to normal units )

STOREl STORECount C 2* 2* + F! ( multiply index by 4 to )

( store 64 bit # )

Ytach3 0 I>F 1000. F/ ( Scale to normal units )
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STDRE2 STORECount G 2* 2* + F!

Yacc6 G I>F 1000000. F/ (Scale to normal units )

STDRE3 STORECount G 2* 2. + F!
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1 STORECount +!

TIIEH

( Increment the counter of #etored )

TIIEH PAUSE (Go -dc terminal tssk )

AGAIN

( ••• BUILDIHG OF TERllIHAL It BACKGROUNO TASKS FOR TURHKEY APPLICATIOH ••• )

: WIP ( Build and Activate Background taek )

SLAVE BUILD

SLAVE WORK ;

: ?KEY ( Check if kay was depressed )

BEGIH

PAUSE

?TERllIHAL

DUP

IF

KEY DROP

TllEH

UHTIL

: PRIHT ACTIVATE (Activate Tsrminal task )

-1 IHIT-DISK ( reset all disk drives)

BEGIH

CR

." Press any kay to see BACKGROUHD variable "

?KEY
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CR .11 Qll=[ 11

STORELength 0 00

STOREl I 2* 2* + FI

I 9 KOD 0= IF 11 "CR

TUE! F. 11 n

PAUSE LOOP"];" CR

CR .. 11 Ytach=[ 1I

STORELength 0 00

STORE2 I 2* 2* + FI

I 9 KQD 0= IF 11 11 CR

THEllF. 11 11

PAUSE LOOP 11]; 11 CR

CR .. 11 Yacc=[ 11

STORELength 0 00

STORE3 I 2* 2* + FI

I 9 KOD 0- IF" 11 CR

TUEH F. " "

PAUSE LOOP 11]; 11 CR

CR

AGAIN

: START

CHANNELO BOSS BUILO ( InitializeB Terminal TaBk )

BOSS PRINT

liHIP j ( lnitializes Background Tasle )

TURNKEY START (Turn program into a TURNKEY application )

CR CR CR

.( Vrite protect STATre memory and raset the computer)

EOF
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P.2 LQG Compensator with Accelerometer Sensor

The FORTH code which implements the LQG compensator (sections 0.2 and 0.3)

is listed below. The algorithm has an initial phase to bring the robot up to the

nominal wheel speed, 110, where after the LQG compensator is invoked to start

the balancing process.

The compensator is implemented in modal form since it requires fewer arithmetic

operations. Floating point arithmetic is used because of its convenience and the

fact that the calculation time is not that critical due to the prediction estimator

that is used.

( CTRL-C program : ucyc6/1gtdlqg. ctr )

========= Longitudinal Control Turnkey Program ==="'1:=1======)

Discrete LQG compensator with integral error feedback of wheel speed )

o VERIFY !

LOAD/TARGET ( Turn echoing oU during dovnloading )

( •••***••********* DEFlNE ADDRESSES AIO CDHSTAHTS ****************.***** )

HEX

800000 CONSTART LATDACADDR ( Set LAT DAC's address )

800010 CoNSTART LGTDACADDR ( Set LOT DAC's address )

800020 CoNSTART LATENCADDR (Set LAT Encoder's addrsss )
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B00030 CoNSTANT LGTENCADDR (Set LGT Encoder's address )

BOOOBO CDNSTANT RCCoUNTERO ( Radio Receiver Interface)

8000B2 CoNSTANT RCCoUNTERl ( Counter Adresses )

BOOOB4 CoNSTANT RCCoUNTER2

BOOOB6 CoNSTANT RCCoNTROLlioRD ( Counter Controlvord address )

800090 CoNSTANT RCTRIGGER ( Trigger address to RESET IRQ flip-flop)

6B CDNSTANT LEVEL2_IRQ ( Leve12 Autovector Address )

BOOODO CoNSTANT SlHADDR

BOOOEO CoNSTANT KUXADDR

BOOOFO CoNSTANT ADCADDR

( Sample l Hold's address )

( KultipIexer's address )

( Ana1og-to~Digita1 Converter's address )

o CoNSTANT LATACCMUX ( MUXCode for Lateral Accelerometer )

1 CoNSTANT LGTACCMUX ( MUXCode for Longitudinal Accelerometer )

Bl000F CoNSTANT RTCctrlADDR ( Set Real Time Clock's Cntrlvord addrese )

81000B CDNSTAHT RTCcounterl (Set Real Time Clock's Counter 1 addresB )

DECIMAL

VARIABLE LATF1/II ( Lateral Radio Pulse lIidth )

VARIABLE LGTF1/II ( Longit. Radio Pulse lIidth )

VARIABLE LATDACCIID ( Commanded Lateral Current )

VARIABLE LGTDACCIID ( Commanded Longitudinal Current )

VARIABLE TICKSAVE ( Memory Ioeation to save tick count )

VARIABLE LgtSBflag ( SPEED_UP I BALANCE flag )

VARIABLE LgtEncCount ( Counter :ror # vheel speeds to average

VARIABLE SpeedDpCount ( Counter for period in SPEED_UP mode)

VARIABLE STORECount ( Counts numbers stored in STORE arrays )
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VARIABLE PanicFlag ( 1 -> panic 0 =) everything DK )

240 CDNSTANT STDRELength ( me:< # of entries which in array STDREi )

D CDNSTANT CHANHELO

1250 CONSTANT RTCperiodl (Real Timer Clock Timer 1 initial count )

(NOTE Must da Radio Initialization code BEFORE Kath liJards are included )

( **.**.******......... RADIO RECEIVER READING yaRDS •••••••••••••••*.... )
CDOE RAOID_REAO ( Reada Radio Receiver Channels upon IRQ )

KOVE.L DO,-(A6) ( saves contents of DO on stack)

KDVE.L $24(A4),-(A6)

KDVE.L D5, (A3)+

KDVE.L 06,05

KDVE.L (A6)+,06

KDVE. B #$21, RCCDIITRDLWDRD ( Latches all counts )

KDVE. W RCCDUNTER1,DO ( Reada LSB of Counter1

KDVE. B DO,LATPWK ( Savs temporaly )

KDVE. W RCCDUNTER1,OO ( Reada HSB of Counter1 )

LSL.W #8,00

KDVE.B LATPWK,DO Get LSB )

KDVE. W DO,LATPWK Save)

KDVE.W RCCDUNTER2,OO ( Reada LSB of Counter2 )

KDVE. B DO,LGTPWK ( Save tsmporaly )

KDVE. W RCCDUNTER2, 00 ( Reada HSB of Countsr2 )

LSL.lI #8,00

KDVE.B LGTPWK,OO Get LSB )

KDVE.lI DO,LGTPWK Save)

KDVE.B #$8P,RCCD!lTRDLlIDRD ( Revrites Cntrlword to 1 )

MOVE.B #0 ,RCCOUNTER1 ( Vrite LSB of initial counter! )

KDVE.B #D,RCCDUlITER1 ( lIrite HSB of initial counter1 )

KDVE.B #$4F,RCCD!lTRDLWDRD ( Revritss CntrIvord to 2 )

KDVE.B #D,RCCDU1ITER2 ( lIrite LSB of initial counter2 )

KDVE.B #O,RCCDU1ITER2 ( lIrite HSB of initial counter2 )

KDVE.B #l,RCTRIGGER ( Reset IRQ flip-flop on Radio Int )
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1I0VE.L D6,-(A6)

1I0VE.L DS,D6

1I0VE.L -(A3).D5

1I0VE.L (A6)+.$24(A4)

1I0VE.L (A6)+.00 ( Restores original value of DO )

RTE ( Return fram exception routine )

END-CO OE

CR . ( Loaded RADIO_READ )

RADIO_INIT ( Initialize Radio Control Interface t Interrupt)

[,] RADIO_REAO ( Initialize Radio Receiver ..• )

LEVEL2_IRQ ! ( ... Level 2 Autovector)

BINART

10001111 RCCONTROLWORO C! ( Set Counters 1,2 )

01001111 RCCONTROLWORD Cl ( tor !Iods 0 )

1 RCTRIGGER Cl ( Reset IRQ flip-flop on Radio Intf )

DEClllAL

RADIO_INIT ( Do radio receiver interrupt initialization )

(NOTE Must da Radio Initialization code BEFORE Math lilards are included )

( ****************** REAL TIME CLOCK REPROGRAMMING WORDS **************** )

CODE RTCset ( Sets RT Clock Counter 1 to sample rate )

MOVE.L DO,-(A6) ( saV8Scontents of 00 on stack)

1I0VE.B #$74,RTCctrlADDR ( Rewrites Cntrlvord for counter 1 )
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MOVE.W #RTCperiod1,OO

MOVE.B DO.RTCcounter1 ( Send 101l' byte )

LSR.W #8,DO

MOVE. B 00, RTCeo\lIlter1 ( Send high byte )

MOVE.L (A6)+,DO ( Restores original value of.OO )

RTS ( Return to subroutine )

END-COOE

CR . ( Loaded RTCset )

ALSO MATH ( include floating point processorvords )

FP32 ( set for 32 bit floating point numbers )

3. FCONSTANT OmegaO ( Nominal vheel epeed )

19.8 FCONSTABT LAT10NKtorq ( Lateral 10.Ngear.Ktorque )

15.12 FCONSTABT LGT10BKtorq ( Longit. 10.NgearoKtorque )

0.35048 FCONSTANT LATACCGAIN ( LAT Aeeel'meter ealibr eonstaut )

-0.31576 FCONSTANT LGTACCGAIN ( LGT Aeeel'meter ealibr ccna'tarrt )

( in units of m!s"2 per volt)

1. FCONSTANT LGTpt ( LGT taeh eomp pole)

0.9 FCONSTART LGTzt ( LGT taeh eomp zsro )

16. FCONSTART LGTKt ( LGT taeh eomp gain )

FVARIASLE LGTcommand ( LGT command fram radio receiver )

FVARIASLE LGTtach-meas ( LGT tachometer mau

FVARIASLE LGTacc_meas ( L6T accelerometer meas )

FVARIASLE LATcommand ( LAT command fram radio receiver )

FVARIASLE LATtach_meas ( LAT tachometer mau )

FVARIASLE LATacc_meas ( LAT accelerometer meas )
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FVARIABLE thetadot ( Plant theta_dot )

FVARIABLE eaege ( Plant omega )

FVARIABLE theta ( Plant theta )

FVARIABLE LGTVelError ( LGT velocity e=or )

FVARIABLE LGTxtk ( LGT tach loop compensator state )

FVARIABLE LGTxhatlk ( modal compensator state )

FVARIABLE LGTxhat2k ( modal compensator state )

FVARIABLE LGTxhat3k ( modal compensator state )

FVARIABLE LGTxhat4k ( modal compensator state )

FVARIABLE Eta5ign ( Sign of Turntable epeed ETA )

FVARIABLE OllegaSign ( Sign of Wheel speed OMEGA )

FVARIABLE LGTcontrolTorq ( Qcontrol = Qv of simulations )

FVARIABLE LG'ITorqAverage ( Average Longit Torque = Qfric)

FVARIABLE LGTtotalTorq (Qtotal = Qfric + Qcontrol )

FVARIABLE OllegaOAverage ( Average Wheel Speed )

FVARIABLE OmegaOAccum ( Wheel Speed Accumulator )

FVARIABLE LGTIorqAccum ( Longit Torque Accum. )

FVARIABLE STOREl STDRELength 4. VALLOT ( Time history )

FVARIABLE STORE2 STDRELength 4. VALLDT ( o=ays )

FVARIABLE STORE3 STORELength 4. VALLOT

400 1000 BACKGROUND SLAVE

400 1000 TERMINAL BOSS

( *****.****•••••••* DIGITAL-TO-ANALOG CONVERTER VORDS •••••••*••••**•••• )
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lIAG 5000 0 00 1000 1000 * DROP LODP (General purpoBe SIll ..ait loop )

: ?DACSATURATE ( n - n ) ( Check it DAC command Saturates )

DUP 4095 > ( check for positive saturation )

IF DROP 4095 ( drop large value i supply ea't , value )

ELSE DUP 0 < ( check for negative saturation )

IF DROP 0 ( drop large valus i supplysat. value )

THEI THEH (otherwis8 keep commanded DAe value )

: LATDAC ( tn - ) ( Get 12 bit biuary <-> Qt )

LAT10UKtorq FI (divide by 10*Ugear*Ktorque )

1. FSlIAP F- 2048. F*

F>I ?DACSATURATE ( check it 0 < BIUARY < 4096 )

LATDACADDR 1I! ; ( vrite 16 bit ..ord to LATDAC )

: LGTDAC ( tn - ) ( Get 12 bit biuary <-> Q.. )

FliEGATE ( so tbat Q.. > 0 causes OmegaO > 0 )

LGT10UKtorq FI (divide by 10*Ugear*Ktorque )

1. FSlIAP F- 2048. F*

F>I ?DACSATURATE ( check it 0 < BIUARY < 4096

LGTDACADDR 1I! ; ( vrite 16 bi1; word -tc LGTDAC

CR .( Loaded LGTDAC )
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S O. LATDAc O. LGTDAC ( Quick war to stop motors )

( ••••••••••••••••••• ANALOG-TQ-DIGITAL CONVERTER waRDS ••••••••••**•••** )

lIAlT4U ( n - ) ( sIll lIAlT tor n*4 microsecondB )

o 00 LOOP ;

: IlUXSWITCH (n - ) ( s'i'itches :HUX to specified input channel n )

IlUXADDR 11!

1 WAIT41 j ( waits 4 microsec. for KUX to settle )

SAlIPLEl:HOLD (-) ( SAlIPLE and HOLO command )

1 SiHADDR 1I! (sample analog signal )

7 WAIT4H ( vaits 28 microsec. for 8tH to settle )
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o SiHADDR 1/! ( place SiH device in HOLD mode )

AD_CONVERTER ( - n ) ( Do Analog to Digital. Conversion )

1 ADCADDR 1/! ( Starts A to D Converter )

9 WAIT4N ( Waits 36 micros8c. for ADe to finish)

ADeADDR 1/G ; ( Reada the digital. resul t trom the ADe )

: AtoD_CONVERT ( n - n ) ( Input Channel# ; Output Digitize value )

HUXSliITCH ( Complete process for an AtoD Conversion )

SAl!PLEI:HOLD

AD_CONVERTER

( ***.****••••••***... ACCELEROMETER READIHG VORDS .**••••***** ••••••***. )

RLATACe ( - tn) (Reads acceleration ae the instrument eeee i t )

4095

LATACCMUX AtoD_CONVERT ( Reada binary val.ue trom A/D )

- I>F ( Converts to floating point # )

0.004884 Fo

10.00366 FS1/AP F- ( Get analog voltage)

LATACCGAIN Fo (Kultiply by cal.ibr. constant to get ••• )

j (real acceleration seen by the instrument )

RLGTACC ( - fn) (Reads accelerationas the instrument sees it )

4095

LGTACCMUX AtoD_CONVERT ( Reada binary val.ue trom A/D )

- I)F ( Converts to floating point # )

0.004884 Fo

10.00366 FS1/AP F- ( Get anal.og voltage)

LGTACCGAIN Fo (Kultiply by cal.ibr. constant to get ••• )

j (real acceleration seen by the instrument )

CR • ( Loaded RLGTACC )

, ••**•••••**** ••*** POSITION ENeODER READIHG yaRDS ********************. )
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: RLATENC (- fn ) ( Read rurnrable Speed EU )

LArENCADDR WO ( Read number of clock pul.e. counted )

DUP 2 MOn 0= ( 0 m) even number => negative speed )

IF -1. EtaSign F! ( 1 => odd number -> positive speed )

ELSE 1. EtaSign F!

TREN I>P ( Conver1; encoder reading to float. point )

27.2708 FSWAF FI
EtaSign FO F* ; ( rurntable Speed EU in rad/sec )

: RLGTENC (" fn ) ( Read liheel Speed OMEGA )

LGTENCADDR VG ( Read number of clack pulses counted )

DUP 2 MOn 0= ( 0 => even number => negative speed )

IF -1. OmegaSign P! ( 1 => odd number 11:1) positive speed )

ELSE 1. OmegaSign F!

TREH I>P ( Convert encod.er reading to float. point )

10471.9755 FSWAF FI
OmegaSign FO F* ; (liheel Speed OMEGA in red/sec )

CR .( Loaded RLGrENC )

( ******••••••••***... REAL TIME CLOCK READING VORDS **••••****.*.*.*.*.* )

CODE ZEROtheTICKS ( - ) ( Zero. the tick counter regi.ter )

CLR.L (A5)

Rr5

END-CODE

CR .( Loaded ZEROtherICKS )

CODE rICKStoSrACK ( - n) ( Loads tick count on top of .tack )

KOVE.L (A5).-(A6) (Current tick counter value anto stack)

Rr5

END-CODE

CR .( Loaded rICKStoSrACK )

( ••••*****•••••**** RADIO RECEIVER READING WORDS •••***.********.***•••* )
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RLAl'PliH ( - LatR/C ) ( Read Lateral radio command )
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LATPI1lI 1/1 5154 - ( Remove bias )

I>F 1700. FI ( Scale to a value between -1 end +1 )

: RLGTPI1lI ( - LgtR/C ) ( Read Longit. radio command )

LGTPI1lI 1/1 5164 - ( Remove bias )

I>F -1700. F/ ; ( Scala to a value betveen -1 and +1 )

CR • ( Loaded RLGTPI1lI )

( *••************** CDNTROL SYSTEM ALGORITHM VORDS ********************** )

: CHECKTSAllPLE ( - f ) ( Check if semple time has expired )

TICKStoSTACK ( get tick count )

o > ; ( sets true flag if dt >~ Tsample )

CR • ( Loaded CIlECKTSAllPLE )

( -) (reads radio commandB, tacho- I:: accelerometers )

RLGTACC ( Reads Longitud. acceleration : ya )

LGTacc..meas Ft ( save the accelerometer measuremen't ya )

RLATACe ( Reads lateral acceleration as seen by sensor )

LATacc_meas F!

RLGTENC ( Reade wheel speed - pitch rate )

LGTtaclLmeas F! ( Saves longit. tach measurement yt )

RLA'I'ENC ( Reads turntable speed relative to frame : "e'ta" )

LATtaclLmeas F! ( Saves lateral tach measurement yt )

RLGTPWM ( Reads command fram radio receiver)

FDROP O. ( Temporary na additional vheel speed commanded )

OmegaO F+ ( Add nominal wheel speed )

LGTcommand F! ( Saves Longit. command )

RLATPllM ( Reads command from radio receiver)

LATcommand F! i ( Saves Lateral command )
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eR .( Loaded READ_SENSORS )

PLANTmodel ( Plant model for simulation purposes )

( Fixet calculate y(k) ~ Mx(k) + nu(k) : )

omega FG thetadot PI F- LGTtach-meas F! ( simulated tach meas. )

0.0011 omega FGthetadot Fe P- F*

4.67 theta Fe F* F+

-.023 LGTtotalTorq Fe F* F+ ( direct teedthrough term

LGTacc_meas F! ( simulated ace aeeeureaene")

( simulate state transitions x(k+1) ~ PHI*x(k) + G4MMA*u(k) )

1.0162 thetadot Fe F*

0.0008 omega Fe F* F+

1.3692 theta Fe F* F+

-0.0178 LGTtotalTorq Fe F* F+

( thetadot(k+l) remains on stack)

-0.0445 thetadot Fe F*

·0.9971 omega Fe F* F+

-3.7957 theta Fe F* F+

0.0607 LGTtotalTorq FO F* F+

( omega(k+1) remains on stack )

0.0251 thetadot Fe F*

0.0 omega Fa r* F+

1.0171 theta Fe F* F+

-0.0002 LGTtotalTorq FO F* F+

( theta(k+l) remains on stack )
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theta F!

omega F!

thetadot P!

( CR 11 thetadot a 11 thetadot FG F. )

( CR " omega = 11 omega FCI F. )

( CR " theta = 11 theta FCI F. )

GetAverageOmegaO ( - ) ( Checks if Average DmegaO .•. )

( elose to desired OmegaO )

LgtEncCount CI I>F FDUP ( number of numbers in accumulators )

OmegaOAccum FII FSWAP FI ( calculate average wheel speed)

OmegaOAverage P! ( stores the value )

LGTTorqAccum. FCI FSVAP FI ( calculate average friction torque )

LGTTorqAverage P! ( stores the value )

O. OmegaOAccum. P! ( Clears the accumulator )

O. LGTTorqAccum F! ( Clears the accumulator )

o LgtEncCount ! ( Resete counter )

1 SpeedUpCount +! ( increment counter)

SpeedUpCount G 3 > ( check if 300 sampIe periode have passed )

IF 1 LgtSBflag (Set flag => BALAIlCE routine next time )

o SpeedUpCount (Reset counter )

THEN j

CR • ( Loaded GetAverageOmegaO )

CHECK_SPEED ( -) (Check if wheel speed is up to DmegaO )

LGTtaclLmeas FCI ( Reads Vheel speed anto Floating Point stack )

OmegaOAccum FG F+ OmegaOAccum. F! ( Accumulate Speeds )



( Increments # wheel speeds stored counter )

( Check if enough values saved on stack)
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LGTtotalTorq FO ( Reads latest commanded 'Ilheel torque )

LGTTorqAccum. Fa F+ LGTTorqAccum. F! ( Accumulate torques

1 LgtEncCount +!

LgtEncCount a 100 >
IF GetAverageOmegaO

THEH

CR .( Loaded CHECK_SPEED )

SPEED_UP ( Tachometer PB compensation to speed up V'heel to OmegaO )

DmegaO (nominal wheel speed )

RLGTENC FDUP lGTtach_measF! (reads llheel speed and saves i t )

F- LGTVelError P! ( present velocity error )

LGTpt LGTzt F- LGTxtk Fa F* LGTVelErrox Fa F+ LGTKt F*

FDUP LGTOAC ( IBBuaB wheel torque command through ClA

LGTtotalTorq F! (Saves the contra! command )

LGTVelError Fa LGTpt LGTrtk Fa F* F+

LGTrtk P! (Update tach camp etats for Dext Tsample )

339

( Check if 'Ilheel speed i8 up to OmegaO )

LGT_COHTROL ( Calculates the LGT contr output for this sampie instant )

LGTTorqAverage Fa

LGTcontrolTorq Fa F+ ( Add contra! torque to friction torque )

FDUP LGTtotalTorq F! (save the total torque commanded )

LGTDAC ( Output torque command to vheel motor )

CR .( Loaded LGT_CONTRDL )

LGTCompUpdate ( Updates LGT compensator states and control .•. )

( for next TBample )

-0.0564 LGTxhat1k Fa F*
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4.6483 LGTtach..meas Fa F* F+

-0.5677 LGTacc_meas Fa F* F+

0.0521 LGTcommand Fa F* F+

LGT:<hatlk F! ( store rlhat(k+l) for nert Tsample )

0.9314 LGTrhat2k Fa F*

0.0806 LGTtach..meas Fa F* F+

-0.0061 LGTacc_meas Fa F* F+

-0.0008 LGTcommand Fa F* F+

LGT:<hat2k F! ( store r2hat(k+l) for nert Tsample )

1.0011 LGT:<hat3k Fa F*

0.2574 LGTtach..meas Fa F* F+

-0.0476 LGTacc_meas Fa F* F+

-0.2435 LGTcommand Fa F* F+

LGTmat3k F! ( store x3hat(.k:+1) for next Tsample )

1.2545 LGT:<hat4k Fa F*

-1. 2481 LGTtach..meas Fa F* F+

0.2868 LGTacc_meas Fa F* F+

-0.0448 LGTcommand Fa F* F+

LGTrhat4k F! ( store r4hat(k+l) for nert Tsample )

-1.1031 LGT:<hatlk Fa F* ( calculate control torque •. )

-2.1475 LGT:<hat2k Fa F* F+ ( command for nert Tsample )

-0.0305 LGT:<hat3k Fa F* F+

1. 3899 LGT:<hat4k Fa F* F+

LGTcontrolTorq F! ; ( save u(k+l) )

CONTROL_SYSTEK (COIlTROL of lateral 1I: longitudinal motion)

Pan1cFlag a 0= ( Check the panic flag first

IF ( If zero => no panic )

LGTcommand Fa FDllP

-.5 F> 0.5 F< * 0= ( check if -.5 < LGTstick < 0.5 )



( Set panic flag )

( Do LGT system contra1 )

( get Lateral Radio Command )

( Let Lateral Stick contral tumtable torque )

( Output as a Current CollDlall.d to Lat motor )

P,2, LQG COMPENSATOR WITH ACCELEROMETER SENSOR

IF 1 PanicFlag !

ELSE LGT_CDNTRDL

TIIEN

ELSE ( Panic Mode : Command LGT torque directly fram R/e )

LGTcommand FD LGT10NKtorq F* LGTDAC

TIIEN

LATcommand FI

LAT10NKtorq F*

LATDAC ;

CR .c Loaded CDNTRDL_SYSTEJI )

STOREtimeHistory ( Stores a time bistory of a variable )

STDRELength STORECount D > ( check all data stored ? )

IF

LGTtotalTorq FG ( get the variable to be stored )

STORE1 STORECount 0 2* 2* + F! (increment index by 4 .. )

( to store Fl. Pt. # )

LGTtach-meas FG ( get the variable to be stored )

STDRE2 STORECount D 2* 2* + F!

LGTacc_meas. F1I (get the variable to be stored )

STIlRE3 STORECount D 2* 2* + F!

341

1 STORECount +! ( increment index: )

TREN (increm.ents array pointer )

: lIORK ACTIVATE ( Activate Background taek )

S ( Stop all motors )

RADIO_XIII ( Initialize Radio receiver)

O. LGTtotalTorq F! ( Initial LGT contral torque == 0 )

DmegaO LGTcommand F! ( Initial LGT ref input ~ 0 )
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OmegaO LGTtach..meas F! ( Initial LGT tachometer meu • 0 )

O. LGTacc_lIl.eas F! ( Imtial LGT acesl meas = 0 )

O. LGTVelError F! ( Initial LGT velocity error = 0 )

O. thetadot P! ( lnitialize plant simu. states )

DmegaO omega P!

O. theta F!

O. LGTxtk P! ( lnitialize SPEED_UP camp etate)

13.3487 LGTxhatlk F! (Initialize the modal .• )

3.4915 LGTxhat2k F! ( compensator state. )

-38.7489 LGTrhat3k F!

15.2396 LGTxhat4k F!

O. OmegaOAccum P! ( Zero ~heel speed Accumulator )

O. LGTTorqAccum F! (Zero wheel torque Accumulator )

o. LGTTorqAverage P! ( Zero friction torque )

0.141 LGTcontrolTorq F! (Steady st. cntrl torque(Qw) •• )

( tor OmegaO )

o LgtEncCount !

o SpeedUpCount

o PanicFlag !

o STORECount

( Counterfor # wheel speeds to average )

( Counter that determines hOll long to SPEED_UP )

( Start vith no panic condition )

( initialize STOREi array counter)

o LgtSBnag (Start with speed-up algorithm )

RTeset ( Set Real Time clock to Tsample )

BEGIB

CHECKTSAMPLE ( Check if sample time haa e:I:pired )

IF ZERCtheTICKS ( If TRUE Reee't cntr = 0 .•. )
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LgtSB!lag G 0= ( Speed_up/Balance Plag - ? )

IF SPEED_UP ( 0 -> speed up vheel )

ELSE ( 1 -> do balance algorithms )

LGT_CONTRllL ( calculate LGT control torque )

STOREtimeHistory ( Stores a time histories )

READ_SENSORS ( Read all tbe sensors simultaneously )

(PLANTmodel simulate plant model to predict states .. )

( and measu:rements at next sample )

343

LGTCompUpdate

TIIEII TIIEI/ PAUSE

AGAIII

( Update LGTcomp states for next Ts

( Go du terminal taek ) I

( *** BUILDIIIG OF TERMIIIAL It BACKGRllUIID TASKS FOR TllRI/KEY APPLICATIOII *** )

: WHIP ( Build and Activate Background task )

SLAVE BIJILD

SLAVE lIORK :

: ?KEY ( Check if key vas depressed )

BEGIlI

PAUSE

?TERMIIIAL

DUP

IF

KEY DROP

TIIEII

UllTIL

: PRIllT ACTIVATE (Activate Terminal tesk )

-1 II/IT-DISK ( reset all disk drives)

BEGIII

CR
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a" Press any kay to see BACKGROUND variable 11

?KEY

CR ." qw=[ n

STORELength 0 00

STORE1 I 2. 2. + FO

I 7 Mon 0= IF. II 11 CR

TREN F. 11 11

PAUSE LOOP

CR .11 ytach=[ 11

STDRELength 0 00

STDRE2 I 2. 2. + PO

I 7 Mon 0- IF 11 11 CR

THEN F. 11 11

PAUSE LOOP

CR .11 yacc=[ 11

STDRELength 0 00

STDRE3 I 2. 2. + FI

I 7 Mon 0= IF.II 11 CR

TREN F. 11 1I

PAUSE LOOP

AGAIN

: START

CHAIINELO BOSS BUILO ( Initializes Terminal Task )

BOSS PRIllT

WHIP j ( Initializes Background Tast )

TURNKEY START ( Turn program into a TURIlKEY application )

CR CR CR

.( Vrite protect STATIe memory and reset the computer)

EOF
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P.3 Successive Loop Closure and Pitch Sensor

345

The FORTH code which implements the compensator designed by successive loop

closure (section 0.5) with a pitch angle sensor, is listed below. The particular

print-out is for balancing the robot at zero speed, but it can be modified to bal­

ance longitudinally at any wheel speed by changing the OmegaO constant.

Fixed point arithmetic had been used and wheel speed and control torque was

scaled up by a factor of 103 while the accelerometer was scaled up by 106 •

Comments in the program listing explains the operations in the algorithm.

( -=-====== Longitudinal Contral TurnkeyProgram ===========)

( Program to test ucyc7/1gtdtach controller : Tsample= 25 milliseconds

( Tight tach feedback leop closed first vith integral error contral)

( Uss LOIlET pitch angle sensor )

o VERIFY !

LOAD/TARGET ( Turn schoing off during dollll1oading )

( ***.*************** DEFINE ADDRESSES AHD CONSTANTS ******************** )

HEX

800000 CONSTANT LATDACADDR ( Set LAT DAC's address )

800010 CONSTANT LGTDACADDR ( Set LGT DAC's address )

800020 CONSTANT LATENCADDR (Sst LAT Encoder's addre•• )

800030 CONSTANT LGTENCADDR (Sst LGT Encoder's addres. )



346 APPENDIX P. FORTH CODES FOR LONGITUDINAL CONTROL

800080 CDNSTANT RCCDUliTERO ( Radio Raceiver Inter:face )

800082 CDNSTANT RCCDUliTER1 ( Counter Adresses )

800084 CDNSTANT RCCDU1iTER2

800086 CDNSTANT RCCDNTRDLlIDRD ( Counter Controlvord address )

800090 CDNSTANT RCTRIGGER ( Trigger address to RESET IRQ flip-flop )

68 CDNSTANT LEVEL2_IRQ ( Level2 Autovector Address )

800000 CDNSTANT SiHADDR

8000EO CDNSTANT MUXADDR

8000FO CDNSTANT ADCADDR

( Sample a Hold's address

( Multiplexer's address )

( Analog-to-Digital ConverterJs address )

o CDNSTANT LATACCMOX ( MOXCode for Lateral Accelerometer )

1 CDNSTANT LGTACCMOX ( MOXCode for Longitudinal Accelerometer )

81000F CDNSTANT RTCctrlADDR ( Set Raal Time Clock's Controlsord addr. )

81000B CONSTAHT RTCcounterl (SetReal Time Clock's Counter 1 address

o CONSTANT CRANNELD ( Terminal task number )

DECIIlAL

15 CONSTANT LGTKt ( Tach loop gain )

-40 CDNSTANT LGTKa ( Acc loop gain )

o CDNSTANT DmegaO ( nominal sheel speede Iöeä")

320 CDNSTANT STDRELength ( data storage array STDREi length )

1250 CONSTANT RTCperiodl ( Real Timer Clack Timer 1 initial count)

( for 40 hz sampling freq )

VARIABLE LATFI/II ( Lateral Radio Pulse lIidth )

VARIABLE LGTFI/II ( Longit. Radio Pulse lIidth )

VARIABLE TICKSAVE ( Memory Lecatdcn to eeve tick count )

VARIABLE LgtEncCount ( Counter for # wheel epeede to average )
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VARIABLE Spe.dUpCoun~ ( # sampl. periods in SPEED_UP made )

VARIABLE STORECount ( Counter for # numbers stored )

VARIABLE LGTCmd ( LGT acceleration command *10e6 )

VARIABLE LGTxak ( LGT accelerometer compens. etate*lOeG

VARIABLE LGTxtt ( LGT tachometer compensator state*10e3

VARIABLE Ytach3 ( Tachometer measurement *10e3 )

VARIABLE Yacc6 ( Accelerometer m.easurement * 10e6

VARIABLE Qv3 ( Wh••l Torqu. *10.3 )

400 1000 BACKGROUND SLAVE

400 1000 TERMINAL BOSS

( *.****••••*....... REAL TIME CLOCK REPROGRAMMING WORDS ****.*********** )

CODE RTeset ( Sets Real Time Clock Counter 1 to sampie rate )

MOVE.L DO,-(A6) ( saV8S contents of Da on stack )

HOVE.B #$74,RTCc~rlADDR ( Revri~e. C~rlvord for coun~er 1 )

HOVE.W #RTCperiodl.DO

HOVE.B DO,RTCcoun~erl ( Send lov byte)

LSR.W #8,DO

HOVE. B DO, RTCcoun~erl ( Send high byte )

HOVE.L (A6)+,DO ( Re.~ore. original value of 00 )

RTS ( Return to Bubroutine )

END-CODE

CR .( Loaded RTC.e~ )

ALSO HATH
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FP32

FVARIABLE STORE1 STORELength 2* 2* VALLOT ( Time history )

FVARIABLE STORE2 STORELength 2* 2* VALLOT ( storage arrays )

FVARIABLE STORE3 STORELength 2* 2* VALLOT

( ******************* REAL TIME CLOCK READING WDRDS ********************* )

CODE ZERDtheTICKS ( - ) ( Zeros the tick counter register )

CLR.I. (AS)

RTS

END-CODE

ca . ( Loaded ZEROtheTICKS )

CODE TICKStoSTACK ( - n ) ( Loada tick count on top ot stack

KOVE.I. (A5).-(A6) ( Current tick counter value -) stack)

RTS

END-CODE

CR .( Loaded TICKStoSTACK)

( **********.******* CORTROL SYSTEM ALGORITHM VORDS ********************* )

S 2048 I.ATDACADOR V! 2048 LGTDACADOR V! ( Quick motors stop )

: ?DACSATURATE ( n - n) ( Check it DAC command Saturates

DUP 4095 > ( check for positive saturation )

IF DROP 4095 ( drop large value I: supply sat. value )

ELSE DUP 0 < ( check tor negative sa'turation )

IF DROP 0 ( drop large value I: supply sat. value )

THEN THEN (other'llise keep commanded DAe value )

WAIT4N ( n - ) ( S/W VAlT tor n*30 microseconda )

o 00 LOOP ;

: CHECKTSAKPLE ( - t ) ( Check it sample time has expired )

TICKStoSTACK ( get tick count )

o > ; ( ee'tie true flag if dt)= Tsample )

CR • ( Loaded CHECKTSAKPLE )
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WORK ACTIVATE ( Activate Background task )

S ( Stop all motors )

o LGTCmd! ( Initial LGT reference input assumed = 0 )

o LGTxtk (Initialize tach. comp. etate to zero )

o LGTxak (Initialize ace. comp. state to zero )

o SpeedUpCount (Initialize SPEED_UP countsr)

o STORECount (Initialize STOREi array entry ccurrtez-)

RTCset ( Set Real Time clock to Tsample )

BEGIB

CIlECKTSAIIPLE ( Check if sampIs time has expired

IF ZEROtheTICKS ( If TRUE Raset counter to zero ..)

( .************ HEAD LGT TACHOMETER AND ACCELEROMETER *********** )

LGTENCADDR va ( read binary value ;fram pos enc )

( Bt <- top of stack )

LGTACCMUX MUXADDR V! ( switch KUX to LGT accelerometer )

1· SlHADDR V! ( sampIe analog signal )

1 WAIT4H ( vait 30 microsec for StH settle )

o SI:HADDR V! ( place S.lH device in HOLD mode )

1 ADCADDR V! ( Starts A to D Converter )

1 VAIT4B ( wait for ADe to finish)

ADeADDR va ( reade binary value from A/D )

( Bt Ba <- top of stack )

4095 - 4884 • 10003660 + ( convert to a voltage.l0e6 )

20435 1000000 ./ ( scala by LGTACCGAIB => acc.l0e6 )

( Bt Ya6 <- top of stack )
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DUP Yace6 ! ( save capy of aceel 100 print )

( Bt Ya6 <- top of stack )

SpeedUpCount • 0 > (check if epeed-up phase over )

( ************. ACCELEROMETER LOOP COMPENSATION ***************** )

IF ( if so • add accelerometer compensation )

LGTCmd G ( get acceleration command )

5 100 */ ( mult. by Kr to get 10e6 * accel. command )

SWAP - ( subtract Ya6 100 gat ace. error*10e6 )

DUP ( save a capy for compensator update later )

( Bt Ea6 Ea6 <- top of stack )

LGTxak a (gat LGT accelerometer compensator etate )

( Bt Ea6 Ea6 Xa6<- top of stack )

8 100 */ + ( multiply by pa-za and add to ace. error )

LOTKa 1000 */ ( mult. by LOTKa, div. by 1000 -> da*10e3 )

( Bt Ea6 da6 <- top of stack )

ELSE ( during speed-up do tach loop compens. only )

DROP ( drop Ya6 fram top of stack )

o 0 ( supply zeros for Ea6 and da3 )

( Bt 0 0 <- top of stack )

( ***************** TACHOMETER LOOP COMPENSATION ******.*.******* )

THEN ( da tachometer compensation loop )

OmegaO + ( vheel speed + da3 )

( Bt Ea6 sum <- top of stack )

ROT ( get binary tach reading )
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( Ea6 sum Bt (- top of stack )

DUP ( make a copy to )

( determine sign later )

10471976 SWAP / ( get abs(ytach)'10e3 )

SWAP 2 1I0D 0= ( get sign of 'the wheel speed )

IF NEGATE THEN ( 0 => even # => neg. speed)

( Ea6 sum Yt3 (- top of stack )

DUP Ytach3! (save a copy to print later )

( Ea6 sum Yt3 (- top of stack )

( getvelocity error*10e3 )

- ( Ea6 Et3 (- top of stack )

DUP ( Save copy for tach camp update

( Ea6 Et3 Et3(- top of stack )

LGTxtk G ( Get LGT tach compensator state )

( Ea6 Et3 Et3 Xtk(- top of stack )

25 100 ./ + ( multiply by pt-zt aod )

( add tach error )

LGTKt • ( multiply vith tach loop gedn to )

( iheel torque*10e3 )

( Ea6 Et3 Qw3 (- top of stack )

DUP Qw3! (make a copy 'tc print later )

( Ea6 Et6 Qw3(- top of stack )

15120 + 2048 15120 ./ ( get binary command for DAC )

?DACSATURATE ( check if DAC saturates )

LGTDACADDR W! ( cutput tcrque commaod )
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( Ea6 Et3<- top of stack )

( *************••• COMPENSATOR STATE UPDATE .****.******* )

LGTrtk G

( Ea6 Et3

( get LGT tach compens

Xt3 <- top of stack )

state )

100 100 */ ( multiply by LGTpt )

+ LGTrtk ! ( add to the tach. er-rc'r end save xhat(k+1) )

( Ea6 <- top of stack )

LGTxak 0 (get LGT accelerometer compensator state )

( Ea6 Xa6 <- top of stack )

103 100 */ ( multiply by LGTpa )

+ LGTXak ! ( add to the ace. error and save xhat(k+l) )

( stack empty (- topof stack )

1 SpeedUpCount +! ( mcrement speed-up counter )

( .*.*••**....... STORE TIME BISTORY .************.****** )

STORECount G STDRELength <

IF

Qv3 G I>F 1000. F/ ( Scale back to normal )

STORE1 STORECount G 2* 2. + F! ( multiply indel: by )

( 4 to store 64 bit # )

Ytach3 G I>F 1000. F/ ( Scale back to normal)

STORE2 STORECount G 2* 2* + F!

Yacc6 G I>F 1000000. F/ (Scale back to normal)

STDRE3 STORECount G 2* 2* + F!

1 STORECount +! ( Increment # stored )
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TIIEN

TIIEN PAUSE (Go do terminal taek )

AGAIN

( ••• BUILDING DF TERMINAL i BACKGRDUND TASKS FDR TURNKEY AFFLICATIDN ••• )

: WHIP ( Build and Activate Background task )

SLAVE BUILD

SLAVE WDRK ;

: ?KEY ( Check if key vas depressed )

BEGIN

PAUSE

?TERMINAL

DUP

IF

KEYDRDP

TIIEN

UNTIL

: PRINT ACTIVATE (Activate Terminal task )

-1 INIT-DISK ( reBBt all diek driveB )

BEGIN

CR

.11 Press any kay to see BACKGROUND variable 11

?KEY

ca .11 Qv=[.11

STORELength 0 00

STORE1 I 2. 2. + FG

I 8 MOD 0= IF 11 11 CR

TREN F. 11 11

PAUSE LOOP 11]; 11 CR
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CR .11 Ytach=[ 11

STORELongth 0 00

STDRE2 I 2* 2* + FI

I 8 HOn 0= Ir 11 11 CR

TlIEH F. 11 U

PAUSE LOOP 11]; 11 CR

CR ." Yacc=[ 11

STDRELongth 0 DO

STDRE3 I 2* 2* + FI

I 8 MOD 0= IF 11 11 CR

TlIEH F. 11 11

PAUSE LOOP 11]; 11 CR

CR

AGAIII

: START

CHAIlllELO BOSS BUILD ( Initializos Torminal Tast )

BOSS PRIllT

WHIP ; ( lnitializes Background Tast )

TURllKEY START ( Turn program into a TllRNKEY application )

CR CR CR

.e Write protect STATre memory and reset the computer ).

EOF



Appendix Q

Lateral Control System

Q.l Lateral equations of motion
"

The lateral equations of motion can be found from derivations in Appendices A, B

and C. The lateral equations can be decoupled from the longitudinal equations of

motion under the same conditions mentioned in section N.l.

Equations A.90, A.91 and A.92 then simplify to:

I

I

I '

I

[Ir + Ir +Ir +mwr?v +mF(rw + rF? +mT(rw +rT?]~

w 2 •- [12 + mwrw +mFrw(rw +Tp) +mTTw(rw + rT)]no'l,b

(Q.l)

, (Q.2)

(Q.3) ,

I
~

If the d.c. motor rotor inertia is non zero the additional terms due to the geared

drive system that should be included in the lateral dynamic equations of motion

355



356 APPENDIX Q. LATERAL CONTROL SYSTEM

can be determined by inspection of equations G.13 and G.14 in Appendix G

W FR" R[I3 + 13 + (1 - n)I3 ],p + n(l - n)I3 iJ
W' •

= -I2 flor/> - fa,p + fTTI - QT

[lI + nI§l]~ + [lI + n2IfliJ = - fTTI + QT

(Q.4)

(Q.5)

Equations Q.2, Q.4 and Q.5 are the dynamic equations of motion of the lateral

system, where I§l is the moment of inertia of the roter of the turntable drive motor

and n is the gear ratio of the turntable drive system.

Rewriting these equations into state space representation, t~ey become:

4>
/

~0 112 113 0 J11 -fa Ir 0 -1

121 0 0 0 ~ 0 hJ. 0 J24 ,iJ 0
= + QT

0 132 133 0 iJ 0 0 -fT 0 TI 1

0 0 0 1 ~ 1 0 0 0 r/> 0
(Q.6)

Where:

112 = ir' +If + (l-n)I§l (Q.7)

113 - n(l- n)I§l (Q.8)

121 = Ir' + Ir + ir+ mwr?v + mF(rw + rF)2 + mT(rw + ~T?

(Q.9)

132 = Ir +nI§l (Q.10)

Ia3 = II +n2If (Q.ll)

J11 = -Irflo (Q.12)

J22 = [Ir + mwrh + mFrw(rw + rF) + mTrw(rw + rT)Jflo (Q.13)

J24 = [mwrw + mF(rw + rF) + mT(rw + rT)]g (Q.14)

Multiplication of equation Q.6 by the inverse of the first matrix containing the

inertia terms, yields the standard state space form ofthe system oflateral dynamic
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equations:

x=Fx+Gu

where u = QT and x = [~, ,p, TI <f>Y.

Q.2 Lateral sensors
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(Q.15)

A tachometer and an accelerometer are used as the lateral sensors. A roll angle

sensor, for example a vertical gyro, is also considered as an alternative to the ac­

celerometer.

The tachometer's operation is slmllar to that of the one in the longitudinal system,

but here it is mounted on the rotor shaft of the turntable drive motor. It reads

WLAT = nLAT . TI (Q.16)

where nLAT is the known gear ratio of the turntable drive system. The mierepro­

cessor can scale the tachometer measurement so that the state TI is measured:

y, = TI (Q.17)

. '.

The accelerometer is mounted on the unicycle frame so that its acceleration sensi­

tive axis is in the direction of the sideways motion of the unicycle. It is placed on

the vertical centerline of the unicycle, so that it will not measure the component

due to yaw acceleration.

The accelerometer is actually a pendulum with a servo feedback loop around it

to change it to an accelerometer, as described in Appendix H. The output of the

instrument is a signal proportional to an internal control torque. This is generated

to counter the effects of specific forces on the unicycle frame at the position where

the accelerometer is mounted. The component of the frame sideways acceleration

can be obtained from equation A.76 and the acceleration due to gravity is -g<f> for

______ ________J
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small roll angles. Figure Q.1 shows how the sign of the accelerometer measurement

is determined.

(Q.18)

where rS3 is the height above the wheel axle at which the accelerometer is mounted.

From equation Q.15

(Q.19)

By scaling the accelerometer measurement in the microprocessor software and by

substituting equations Q.19 into Q.18, the lateral acceleration measurement can

be rewritten in terms of the states and control input:

Ya = -(rw + rS3)Fll4> +[rwno - (rw +rS3)FI2]-if,

(rw +rS3)FI31J + [g - (rw +rS3)F14]4> - (rw +rS3)G1QT

(Q.20)

The measurement obtained from an ideal roll angle sensor would be

Yr = <P

Q.3 Lateral system characteristics

(Q.21)

The lateral system dynamic behaviour is a function of the nominal wheel speed

0 0 , as can be seen from equations Q.12 and Q.13. The results presented in sec­

tion Q.3.1 show the state transition input and output matrices for a typical wheel

speed of 3 rad/sec. The measured mechanical parameters used in these calcula­

tions are listed in Appendix M.

j
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Q.3.1 Lateral system characteristics calculation

UCYC12/LATCHAR.CTR

LATERAL SYSTEII CHARACTERISTICS

***.*.*•••*******************************.***********.*****

LATERAL STATES PHI.DDT; PSI.DDT, ETA, PHI

CONTROL INPUT TURIlTABLE KOTOR TORQUE (QT)

KEASUREIIEIlTS TACHOIlETER; ACCELEROIlETER; ROLL ANGLE SENSOR

UIlITS IIETERS. RAOIANS. SECONOS

***.*****•••••**••*********••••****•••••••********•• ******.

NOMINAL WHEEL SPEED (RAD/SEC)

OIlEGAD =

3.D

ACCELEROIlETER HEIGHT (METERS)

RS3 =

0.6500

OPEIlLOOP SYSTEII IUTRICES:

*************************

FLAT =

359
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O. 0.6575 O. 10.9719

-0.2240 -0.0492 0.1212 O.

0.1718 0.0378 -0.2122 O.

1.0000 O. O. O.

CLAT

O.

-1.5415

2.6999

O.

IlLAT

O. O. 1.0000 O.

O. 0.0294 O. 0.5387

O. O. O. 1. 0000

NLAT =

O.

o.
O.

EIGVAL =

-0.0250

-0.2384

-3.2890

3.2910

EIGVEC •

0.0015 -0.0094 1.0000 1. 0000

1.0000 -0.6515 0.0713 -0.0653

0.2031 1.0000 -0.0567 0.0483
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-0.0599 0.0392 -0.3040 0.3039

cm

0.1828

2.5792

0.1573

-0.1425

OBS

0.2031 1.0000 -0.0567 0.0483

-0.0028 0.0020 -0.1617 0.1618

-0.0599 0.0392 -0.3040 0.3039

RESIDU

0.0371 2.6792 -0.0095 -0.0069

-0.0005 0.0052 -0.0271 -0.0231

-0.0110 0.1051 -0.0509 -0.0433

TRANSFER FUNCTION FROH TURIITABLE ORIVE TORQUE TC TACHOIlETER IIEASURE!lENT.

TACH2EROS =

3.3000

-3.2998

-0.0279

TACIIPOLES

3.2910

-3.2890

-0.2384

-0.0250

TACHGAIIi =



[

I
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2.6999

TRAIlSFER FUIlCTIDN FROH TURNTABLE DRIVE TDRQUE TD ACCELEROIlETER IIEASUREIIENT

ACCZEROS =

0.0000 + 1.02841

0.0000 - 1.02841

0.0000 + O. 1

ACCPDLES =

3.2910

-3.2890

-0.2384

-0.0250

ACCGAIN

-0.0454

TRAIlSFER FUIlCTIDN FRDH TURNTABLE DRIVE TDRQUE TD ROLL ANGLE IlEASUREIIEHT

ROLLZERDS =

O.

ROLLPDLES =

3.2910

-3.2890

-0.2384

-0.0250

RDLLGAIN
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Q.4 LQG control system design
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In this section we will design an optimal continuous time linear quadratic gaussian

compensator for the lateral system.

The unicycle yaw rate will accurately follow a reference command if the regulator

uses integral error feedback of the measured plant yaw rate. This introduces an

extra state, e, to the lateral system matrices:

[:] = [~ ;] [:]+[;]u+[.]

u = -[C. Cl [:]

where H = [ 0 1 0 0]

(Q.22)

The regular gains Ci for an optimal linear quadratic regulator were calculated by

minimizing the cost function:

(Q.23)

A CTRL-C program 'lgtlqg.ctr' was used to calculate the regulator gains and the

print-out is shown in section Q.4.l. The ratio r of the weighting factors were

chosen so that the step response (Figure Q.2) of the closed loop system reached

the commanded value in approximately 5 seconds. Figure Q.3 shows the closed

loop frequency of the lateral system. The closed loop system has a bandwidth of

approximately 0.3 Hz, which is comparable to that of the longitudinal system.
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A linear quadratic gaussion estimator was designed to estimate all the lateral states

from the tachometer and roll angle sensor measurement. The modified plant model

that includes the random disturbance effeets on the plant and measurements, is:

:i: = Fx+Gu+Gnw

Ym = Mx+v

where:

w is a random disturbance vector with spectral density Q

Ym is a vector of the measured quantities

'V is a random measurement noise vector

G n is the process noise input distribution matrix,

(Q.24)

(Q.25)

The complete statistical nature of the measurement noise is not known because

the actual sensors have not been selected. For this reason we will assurne the

same spectral densities for the tachometer (Rt ) and roll angle sensor (R r ) as for

the longitudinal system (refer to section N.5).

Rt = 0.05 rad2/8

R; = 0.1 m2
/ 8

3

The process noise speetral density is also assumed to be similar to that of the

longitudinal system. The noise input distribution matrix Gn is assumed to be the

same as the control input distribution matrix.

(Q.26)

A Kalman-Bucy filter [Kaiman] with filter gains L, can be designed to provide an

optimal estimate of the state vector :1: in the presence of the specified disturbance

Inputs. The estimator state equation is

~ = Fox+Gou +L(Ym - Mx) (Q.27)
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IdeaJly the plant model used in the estimator would have the same parameters as

the actual plant, i.e. Fa = Fand Go = G.

The Kalman filter gain matrix L is shown under ESTGAINS in the print-out listed

in section Q.4.l. Equations Q.22 and 0.24 can be combined to give the lateral

closed loop system matrices:

[
: ] = [: -~Ge -;G ][: ]+ [ ~1 ] r+ [~n ~] [: ]
ä: LM -GaGe Fa - GaG - LM ii; 0 0 L

(Q.28)

The performance of the state estlmator ls simulated where the actual initial roll

angle 16(0) = 2 degrees, while the estimated roll angle is ~(o) = O. Figure Q.4

shows that the roll error initiaJly increases to approximately 2.4 degrees while the

state estimates are improved. In the absence of noise the estimated states track

the actual plant states and the roll error is reduced to zero in approximately 5

seconds.

Q.4.1 Calculation of LQG gains

UCYC12/LATLQG.CTR

CONTINWUS TIIIE LATERAL CONTROL SYSTElI WITH FULL ORDER LQ ESTIHATOR

•••••••**•••••••••••**••••••••****.****.*******•••***.*.****•••****

LATERAL STATES PHI.DOT; PSLDOT; ETA; PHI

CONTROL INPUT : TURNTAllLE HOTOR TORQUE (QT)
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MEASUREMENTS UCHOIlETER; ROLL ANGLE SENSOR

UNITS METERS, RADIANS, SECONDS

••••• CONTINUOUS TIIIE PLANT KATRICES •••••

FLAT =

0.0000 0.6675 0.0000 10.9719

-0.2240 -0.0492 0.1212 0.0000

0.1718 0.0378 -0.2122 0.0000

1.0000 0.0000 0.0000 0.0000

GLAT

0.0000

-1. 5415

2.6999

0.0000

GNOISELAT •

0.0000

-1.5415

2.6999·

0.0000

MLAT

0.0 0.0 1.0 0.0

0.0 0.0 0.0 1.0

NLAT =

0.0

0.0
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••••• HATBICES FOH INTEGRAL ERROR FEEDBACK CONTROL •••••

EXTENOED STATE VECTOR IS PSIOOT.ERR; PHI.OOT; PSI.OOT; ETA; PHI

FINT =

0.0000 0.0000 1. 0000 0.0000 0.0000

0.0000 0.0000 0.6575 0.0000 10.9719

0.0000 -0.2240 -0.0492 0.1212 0.0000

0.0000 0.1718 0.0378 -0.2122 0.0000

0.0000 1.0000 0.0000 0.0000 0.0000

GIIIT

0.0000

0.0000

-1.5415

2.6999

0.0000

***** REGULATOR DESIGN *****

COST FUNCTIOI/ l/EIGHTING FACTORS ON STATER ANO COI/TROL

ADIAG =

5.0 0.0 0.0 0.0 0.0

BDIAG =

1.0

OPTIMAL II/TEGRAL ERHOR ANO STATE FEEDBACK GAIIIS

CERH

2.2361
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CUT

-45.4187 -5.9571 -0.0787 -150.9253

REGGAIJI

-3.4468

REGZEROS •

-3.3124

3.3124

-0.0000

REGPOLES =

-0.0000 + O.OOOOi

-1.3237 + 1.3180i

-1.3237 - 1.3180i

-3.2921 - 0.0064i

-3.2921 + 0.0064i

***** ESTlMATOR DESIGN *****

PROCESS AJlD MEASUREMEJIT NOISE SPECTRAL DENSITIES

QUT

1.0

RUT =

0.0500 0.0000

0.0000 0.1000
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OPTIMAL ESTIHATOR GAINS !ND ESTIHATOR POLES

ESTGAINS

369

1.2390

-6.8113

11. 8559

0.4628

ESTPOLES

21. 7228

-0.9544

0.2314

6.5832

=

-0.0279 + O.OOOOi

-3.3009 + 0.0417i

-3.3009 - 0.0417i

-12.0710 - O.OOOOi
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FRAME F --..."

Q
p

--------~.: L
g

Pendulum position
if no control torque
had been applied

I
I
I
I
I
I
I Q ,
I P
I A"---.....

APPENDIX Q. LATERAL CONTROL SYSTEM

a 3 (vertical)

for a positive roll angle
$ > 0

pendulum control torque
Q p (LAT) > 0

A

I
I
I
I

~ direction ofSiframe acceleration

rw+ r S3 for lateral acceleration
of the frame of:

[- (IW + rS3)~ + rwQo Cp] f 2
pendulum control torque
Qp (LAT) > 0

f
2

he output signal from the servo accelerometer is proportional to
't.he total pendulumcontrol torque AIQp(LAT)= k a [-(rW + rS3)~ + rwf.loll> + gcjl1f

2

Figure Q.l: Lateral Accelerometer Measurement
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RESP0NSE WITH FULL .STATE FEEDBACK
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time (s)
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Figure Q.2: Step Response of the Lateral System with Full State Feedback
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FREQ. RESP0NSE WITH FULL STATE FEEDBACK
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Figure Q.3: Frequency Response of the Lateral Closed Loop System with Full State
Feedback
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RESP0NSE WITH FULL 0ROER ESTIMAT0R
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Figure Q.4: Response of the Lateral System with a Full Order Estimator and an Initial
Roll Angle of 2 Degrees ,
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