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caused by the roughness of the terrain over which the wheel travels.

It is assumed that process noise enters the plant with the same input distribution
matrix as the control torque, i.e. G, = G. In the absence of the exact knowledge
of the statistical nature of the process noise, it is assumed that the spectral density
of Q is much larger than the measurement noise spectral densities. A choice of
;%, which places the estimator poles in the same s-plane region as the regulator

poles is (see Section N.6.1).

}% =20 N?m?s? (N.36)
For the numerical gsimulations 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 random process would be a discrete
gaussian random sequence with a correlation time 7, which is short compared to

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

from:
QW)22-T,-QD (N.37)
likewise
Rt) = 2.T,-RD; (N.38)
R.(t) & 2.-T,-RD, (N.39)

The shortest characteristic time in the longitudinal system is about 0.125 sec (
from the inverted pendulum poles at s 2 +8 rad/s. A noise correlation time of

T. = 0.01 sec is therefore assumed, and taken to be the same for all 3 noise sources.
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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
BT
vlues of the coefficients of the states, we see that the accelerometer measurement

Yo & g0 (N.40)

If 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.

RD, =2 (N .41)

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

degree. The maximum acceleration is then (from equation N.40):

(yc:)maa: =0.1 m/32 (N42)

Assume that (05 )maz 18 approximately 10% of (¥4 )maz, then

T 0.01 m/s® (N.43)

RD,

(012 =1x10"% m?/s? (N.44)

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

standard deviation is

RD; = 5x107% rad?/s? (N.45)
ot = VRED,=707x107% rad/s (N.46)

and the process noise covariance and standard deviation is

QD = 1x107% N?m? (N.47)
o, = VQD=316x10"2 Nm (N.48)

The computer language 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:

T = Fz4GutGuw
UYm = Mzt ‘ (N49)

where:

z is the state vector

w is a random disturbance vector

Ym 18 a vector of the measured quantities

v is a random measurement noise vector,

Assume that w(f) 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,
&, given by

& = Foi + Gou + L(ym — M%) (N.50)

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

the actual plant, i.e. Fp = F and Gy = G.
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The complete statistical nature of the random plant disturbance vector, w, and
the process noise input matrix, G, is rarely known in practice. 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. G, = G. w is then a scalar white ncise process,
whose spectral density, Q, will be selected upon inspection of the symmetric root

locus of the estimator poles.

The spectral densities of the random noise in the tachometer and accelerometer
meastrements 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 gpectral densities during the estimator design.

The paper by Bryson and Hall in [Leondes] give the Euler-Lagrange equations for
the optimal filter problem as:

I

. . T r Ym (N.51)
A —MTR 1M -F A MTR?

w=—-QGT) | (N.52)

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

and A(s) we obtain the symmetric rootlocus characteristic equation (SRCE)

I +QZT(~s)R™*Z(s) | = 0 (N.53)

where:

Z(s) = ¥m(s) _ | Ze) | _ M(sI - F)™G,, (N.54)
w(s) Z,,(.s)
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and Zy(s) and Z,(s) are the transfer functions from the process noise input to

tachometer and accelerometer measurements respectively.

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

rewritten as

1+Q [Z‘(_gtz‘(s) + Z"(_;)GZ“(S)] =0 (N.55)
If we let Z;(s) = %‘-((5}- we can rewrite N.55 as
R
R Nio)Ni(s) + BeNa(=5)Na(s) 6

Q D(~-3)D(s)
The zeros of the symmetric 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 Z;(s) and Z,(s).

The form of the locus of the compromize zeros as a function of ﬁ{% is shown in

Figure N.9.

The CTRL-C program ’lgtlgest’ is used to calculate the compromize zeros and
estimator poles as functions of R;, R, and Q. The results of this program are

listed in the next section.

The process noise spectral density (@ rer in the print-out) was then chosen 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 under ESTGAINS

in the print-ount.

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

summarized as:

i = Fz+Gu+ Gpw (N.57)
¥m = Mz+uv o (N.58)
¢ = Hi—r (N.59)
u = —Cee—Ci (N.60)
i = Fot+ Gou+ L(ym ~ M&) (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:

i F  -GC, -GC x 0 Gn 0
u}

el=1] o 0 H e |[+| -1 [r+] 0 o
. v

& IM —GoC. Fo—-GoC—-ILM || & 0 0 L |
(N.62)

The eigenvalues of the system matrix above are the same as the eigenvalues of the
regulator and the estimator if 3 = F, and G = 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 6(0) = 0.1 rad,but the initial estimate §(0) =
0 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 ), = 0 and the
frame is held vertical ((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.11 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/LGTLOG. CTR

ANALOG LONGITUDINAL CONTROL SYSTEM WITH FULL CGRDER LG ESTIMATOR

kot et o ke e ol ok ke s sk ok ol e ok sl ol sk ok skl ook ok ok **

LONGITUDINAL STATES : THETA.DDT; OMEGA; THETA

CONTROL INPUT : WHEEL MOTOR TORQUE (QW)

MEASUREMENTS : TACHOMETER; ACCELEROMETER

UNITS : METERS, RADIANS, SECDNDS

wxpdk  CONTINUQUS TIME PLANT MATRICES &~ &¥%%%

FLGT =

-0.0333 0.0333 54,5447

0.1138 -0.1138 -151.2607

1.0000 0. 0.

GLeT =

=-0.7075

2.4216

0.

GNDISELGT =

-0.7075
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2.4216

MLGT =

~1.0000 1.0000 0.
~-0.0011 0.001%1 4.6700

NLGT =

a.
—-0.0230

*xxk: MATRICES FOR INTEGRAL ERROR FEEDBACK CONTROL  kaak
EXTENDED STATE VECTOR IS : OMEGA.ERR; THETA.DOT; OMEGA; THETA
FINT =
0. 0. 1.0000 O,
0. -0.0333  0.0333 54.5447
0. 0.1138 -0.1138 -151.2607
o, 1.0000 0. 0.
GINT o=
~0.7075
2.4216
#hkdk  REGULATOR DESIGN  #skskon

COST FUNCTION WEIGHTING FACTORS ON STATES AND CONTROL :

ADIAG o=
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30.0 0. 0. Q.

BDIAG - =

1.0

CPTIMAL INTEGRAL ERROR AND STATE FEEDBACK GAINS

CERR ' =

~-5.4772

cLa?l =

-47.6924 -6.8830 -228.2964

REGPOLES

-1.2208 -~ 1.000561
-1.2208 + 1.000B1
-7.3891 + O,.729531
-7.3891 -~ 0.72951
#kgkke  ESTIMATOR DESIGN  #wwsx

PROCESS AND MEASUREMENT NOXSE SPECTRAL DENSITIES :

QLeT =

1.0
RLGT =
0.0500 0.
0. 0.1000

XYER FN, ZEROS FROM PROCESS NOISE INPUT TG TACHOMETER & ACGELEROMETER DUTPUIS :
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TACHZERDS =

2.8309
=2.8309

ACCZEROS =

-0.0000 + 9.44571
-0,0000 -~ 9.4457i

0.0000 + 0. i
PLANTPOLES =
~7.4486
7.3232
-0.0216

COMPROMIZE ZEROS FOR SYMMERIC ROOTLOCUS OF ESTIMATOR :

COMPRZEROS =

192.0571
~192.0571
3.,0991
2.5927
-3.0981
-2.5927

OPTIMAL ESTIMATOR GATNS AND ESTIMATOR POLES :

ESTGAINS =

~6.3092 0.6621

15.7493 -1.0452
-0.7363 0.1181



260 APPENDIX N. CONTINUOUS TIME LONGITUDINAL CONTROL SYSTEM

ESTPOLES =

-1,5074 - 0.00001
-4,4218 + 0.00001
-16.8260 - 0.00001
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4 a5 (vertical)

for forward pitch :8> 0
 EEEEEEE— | pendulum control torque
Q p (LGT) > O

Pendulum position for forward acceleration

if no control torque of the frame;

had been applied (1) ( 7 Q+ Tpq 8) >0
i
]
1

pendulum control torque
Q p (LGT) < 0

F
G
direction of r

frame acceleration

The output signal from the servo accelerometer is proportional to
the total pendulum control torque: Qp(LGT)= ka[ge - (rwfz + I3 .e' )1

Figure N.1: Longitudinal Accelerometer Measurement
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LEONGITUDINAL PLANT @PENLBEZP FREQUENCY RESPBNSE

'30, L T ™7 ~T T L T —T T T T T T T T T

s N

N\
e

-70.

-80. T . L N Lo .

104 1073 107° 1071 109 101
frequency (Hz)
INPUT : WHEEL T@RQUE : BUTPUT =« PITCH ANGLE
100, ———

80. \\
60. \
. A\

20. \\
oobreo ol 1 T
1074 1073 1072 107! 10° 1ol

frequency (Hz)

Figure N.2: Openloop Frequency Response of ﬂ%(v%f
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INPUT FREQUENCY = 0.2 HERZ
0.12 M/Aﬁﬁik ' , /A%ﬁék\
0.10 /// \\% //;ZLID :\\%\

’ \ , SIINE FIT \
(- \
ACCELERD- \\ DasHED| =
0. 08 AEEE

METER SIGNAL . ME ASURED \\\\ )///
+/1 - r
0.06 ‘ 4 LA
0 ael A\ AN\

ol /

0.0

TACHPMETER \\ ' X\
- 0o | COMMAND

S 1GNAL \ / - | \ /
-.04 \// - | \//

0. 1. 2. 3. 4, 5. 6. 7. 8. 9. 10.
time(s)

=

TachCmd(rad/s) ; Yacc(m/s#%2)

Figure N.3: Typical Time Response During a Transfer Function Indentification Test
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UPSIDE D@WN UCYC CLE@SED LREP FREQUENCY RESP@NSE

0.0
M [
-5, | ﬁﬂZA‘ P s
/ﬁn SELID L[INE =
-10.
[ | | THEBRETICAL RESPONSE
_15. ol
]
RECTANGLES =
-20.
MEASURED RESP@NSE
-25, L ‘ i ' Io
frequency (Hz)
INPUT ¢ TACH CMD = QUTPUT ¢ YACCEL -
100.
50. A
E}WKELB\J

h

0. 00 F=——o

" \c
-100.

-150.

1 1 10

frequency (Hz)

Figure N.4: Theoretical and Measured Frequency Responses for the Upside Down Uni-
cycle
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‘ X
§=Fx+GuHMw

REGULATOR

ESTIMATOR

' Figure N.5: General Feedback Control System Blockdiagram
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SYMMETRIC R@87T LBCUS @F LBNGIT. SYSTEM

10. \
9

RN

14, -12. -10.  -8. -B. -4, -2,
Real

Figure N.6: Symmetric Rootlocus of the Longitudinal Closed Loop System for values
of # ranging from 0 to 10 000
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RESPONSE WITH FULL STATE FEEDBACK

267

1.6 T
4. QW
t N
1.4 ‘,' \.
! \
' \
1.2 ; .
! .
J Y
1.0 AN
\ .\
AW
0.8 r'll / '\'
:! Vool
0.6 l' \L \.
] ‘! \.\.
('l I
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C.4 ';1 Y L
/ o
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a5 / () \ N
' ! SN,
!! N 4
. N
/! ~ o~ I R
0. 0 g=r R S e e T
N Qc’ommand =1 r/9 STEF
P! ,
-0.21
a.

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 8.0

time(s)

Figure N.7: Step Response of the Longitudinal Closed Loop System with Full State

Feedback _
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FREQ. RESPONSE WITH FULL STATE FEEDBACK
C.0

- 10.

-15.

-20

.01 . 1

INPUT : BMEGA-C@MMAND ; QUTPUT : BMEGA

-50. : '

[

~

-100. P

-130.

-200. ' ' \

-250

.01 .1

frequency (Hz)

Figure N.8: Frequency Response of the Longitudinal Closed Loop System with Full
State Feedback
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LOCUS BF COMPRBOMIZE ZEROS VS. RT/RA
15. _ '

1 O P e

—

0. 0¢—e— ' —@4—@—-—@—-@3

s N

30.

-10.
-15,
-30. -25. -20. -15. -10. -5. 0.0 5. 10. 15. 20. 25.
Real
Pp = plantpole
P, = reflected pole
agtimator pola Im ,
ectimater pels locaticns for A Z, = Ccompromize zZero
lowations :o:g- =0 L <00 [0 = estimator pele
R, l R.
PPy Z. Zc¢ BB, Zo  Zg

Re

SYMMETRIC ROOT LOCUS OF THE ESTIMATOR POLES vs. Q/Rt

Figure N.9: Symmetric Root Loci of the Compromize Zeros and Estimator Poles



270 APPENDIX N. CONTIN UO US TIME LONGITUDINAL CONTROL SYSTEM

RESP@NSE WITH FULL BRDER ESTIMATER

20,
QW
15, |
Actlual ®(Q) =| 0.1 rad while
0 Tnitial Estimated|States}all Zerlo
K i
5., [

-5 \@/ i
\ / .
-10, | : :
-10. - , '
0. 1.0 2.0 . 3.0 4.0 5.0 6.0

time(s)

Figure N.10: Response of the Longltudma.l System with a Full Order Estimator with .
6(0) = 0.1 rad
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RESPUNSE WITH FULL BDRDER ESTIMATOR
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Figure N.11: Step Response of the Closed Loop System with a Full Order Estimator
v and Measurements Corrupted by Noise



Appendix O

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
enolugh 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 samples of that signal, the
sample 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, f.. The
longitudinal closed loop system has a bandwidth of less than 0.5 Hz, so that the
fund amental lowef 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 [Franklin]).
Experiments with the microprocessor 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.

Tsample = 0.025  sec. (0.1)

We can associate a pure transportation delay of approximately one half of a sam-
ple period with the sample and zero-order-hold (ZOH) device which converts the

analog plant signals for input to the microprocessor.

]

Gzom(s) =€

where s is the Laplace operator.

The phase shift added to the openloop system due fto the sampling process is
caluculated, because it can decrease the phase margin of stability significantly if
the sample rate is too low. At the closed loop bandwidth (fpW) of approximately
0.5 Hz, the phase la.g due to the ZOH is

®zop = “EWliwmsle |

= W}r’lﬁ =225 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 of the wheel speed, 2, can be
designed by first discretizing the continuous time plant matrices of equation N.30,

using the sample time 7} defined in the previous section:

T»

e(k +1) 1 H. || ek) T W (02

= . +| - u(k) +
z(k+ 1) 0 z(k) r
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where {z(k) = 4(k) Q(k) 6(k)F
and r(k) is the reference input.

The measured outputs are
ym(k) = Mz(k) + Nulk) (0.3)
Simpify equation 0.2 to:
ik +1) = @Srz1(k) + Cru(k) + Torr(k)
[e(k).. é(k). Q(k) . e(k)]? ..(0.4)

_ where  zy(k)

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
[=~]
J= .12. f (2T Az + T Bu)dt . (05)
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 below,
which will produce the discrete closed loop system whose performance is the same
as that of the original continuous time system.

oo ' AD ND z1(k

Ip = 3 lF (0T (8] ) (0.5)

k=0 NDT 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

er(k+1) = (&7-T;BD 1. NDT)zs(k) + Iru(k) (0.7)
u(k)

u(k) + BD™Y . NDTz (k) = —Ca (k) (0.8)

the cost function of equation 0.6 becomes

Jo = > ef(k)(AD— ND-BD . NDT)o (k) + a7 (k)BDu(k)
k=0
(0.9)

S
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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 function of equation 0.9.
The desired feedback gain for the regulator u(k) = —Crz (k) is then from equa-
tion O.8:

Cr=C-BD'NDY (0.10)

A print-out of the results of this program is shown in section 0.2.3. The optimal
feedback control law, with all states available, is:
(k)
u(k) = —Cee(k) — C | Q(k) (0.11)
o(k)

A pole mapping of the continuous time regnlator poles of section N.6.1 by means
of the z-transformation, z = 7, 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 twosampled 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 conversion.

The measurement noise input v4(t) to the discrete time estimator is a sample of

the random white noise input v(2) of equation N.49. For the discrete time system
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we should rather model #(t) as colored noise with a variance V and a correlation

* time T}, that is small compared to the shortest time constant of the plant. w(¢)

could be generated by the first order system
To() + v(t) = n(2) (0.12)
where n(t) is a white noise process with spectral density
R=2VT, (0.13)

If we discretize the shaping filter of equation 0.12 with the sample period of T,

we have

vk + 1) = e ug(k) + ng(k) (0.14)

and the variance of the purely random sequence ng4(k) is

RD=V [1 - e—%"‘":‘] | (0.15)

as derived in reference [Bryson 1].

If V is eliminated between equations Q.13 and 0.15,

2T,
¥
ED = *—pr— R (0.16)

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 T,
and the sampling period T,. The choice of values for 7, and T, was motivated in
sections N.5 and Q.1 respectively.

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

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

Ek+1)
3(k)

®2(k) + Tu(k) (0.17)
5(k) + Llym(k) — ME(k) - Nu(k)] (0.18)

1l

Il




~

0.2. EQUIVALENT DISCRETE LQG COMPENSATOR 277

Equation 0.17 is known as the time update of the Kalman filter and equation O.18
is called the measurement update. Substitution of 0.17 into O.18 gives the pre-

diction estimator equation
Ek+1)=®[I—- LM)z(k) + ®Lym(k) + [I' — @LN]u(k) (0.19)

The optimal prediction estimator poles are therefore given by the eigenvalues of
®[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) + HoZ(k) + Leu(k) + T'pr(k) (0.20)

where
H, = &;(1,2:4) (0o
T, = Tfl) (0.22)

The regulator feedback law is |
u(k) = —Cee(k) — Cz(k) (0.23)

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

system matrices

e(k+1)} - TURG He—'I‘GC } [ o(6) :l

F(k + 1) | (BLN -T)C. @[I-LM]+[2LN--TIC || 2(k)
10 s [ o ] r(k) (0.24)
| 8L 0 :
| e(k)
u(k) = —[C, C (0.25)
(G ] L(k)} -

A block diagram of the discrete time closed loop system is shown in Figure O.1.

The closed loop system matrices are obtained by using the plant equation z(k+ 1)
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= ®z(k) + Tu(k) and eliminating u(k) and 3, (k) from this equation and the

compensator equations:

a(k+1) & -TC. _rc 2(k)
Z(k +1) | #IM -TC. @[I-LM]-TC || z(k)
+ T, | r(k) (0.26)
0

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
8(0) = 0.1 rad, but the initial estimate §(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 Q; = 0 and the frame is held vertical (§ = 0
rad).

0.2.3 Optimal regulator and estimator gains

DISCRETE LONGITUDINAL LQG DESIGN

ol kR

LONGITUDINAL STATES : THETA.DOT; OMEGA; THETA

CONTROL INPUT : WHEEL MOTDR TORQUE (QW)

MEASUREMENTS : TACHOMETER, ACCELEROMETER
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UNITS : METERS, RADIANS, SECONDS
*¥scden CONTINUOUS TIME SYSTEM MATRICES sk
FLGT =
-0.0333 0.0333 54,5447
0.1138  -0.1138 -151.2607
1.0000 0. 0.
GLGT =
-0.7075
2.4216
0.
GNDISE =
-0.7075
2.421¢6
0.

MLGT =

~1.0000 1.0000 0.
~0.0011 0.0011 4.86700

NLGT =

0.
-0.0230

*xdioex CONTINUQUS TIME SYSTEM MATRICES WITH INTEGRAL ERROR FB ##ad#*

EXTENDED STATE VECTOR IS : OMEGA.ERR; THETA.DOT; OMEGA; THETA
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FINT -
0. 0. 1.0000 0.
0. -0.0333 0.0333 54,5447
Q. 0.1138 -0.1138 -151.2607
0. 1.0000 0. 0.
GINT =
-0.7075
2.4216
GREFIRT =

-1.0

0.
0.

+ WEIGHTING FACTORS FOR OPTIMAL CONTINUOUS TIME REGULATOR *
ADIAG =

0.0 o. 0.  o.
BDIAG =

1.0

* PROCESS AND MEAS. SPECTRAL DENSITIES FOR CONTINUOUS SYSTEM *

QLGT

1.0
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RLGT =
0.0500 0.
0. 0.1000

#kkknk DISCRETE TIME SYSTEM MATRICES ##¥wi#

TSAMPLE =

0.0250

PHE =

1.0162

-0.0445
0.0251

=0.0178
0.0607
~0.0002

* DISCRETE TIME SYSTEM MATRICES WITH INTEGRAL ERROR FEEDBACK *

PHIINT =
1.0000 =~0.0004
0. 1.0162
0. =0.0445
0. 0.0251
GAMINT =
0.0008
-0.0178

0.0607

0.0008
0.9971
0.0000

1,3692
=-3.7957
1.0171

0.0250
0.0008
0.9971
0.0000

-0.0473
1.3692
-3.7957
1.0171

R

[N
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~-0.0002

GAMREFINT = =

-0.0250

0.

* DISCRETE OPTIMAL REGULATOR COST FUNCTION WEIGHTING MATRICES =»
AD =
0.7500 -0.0001 0.0094 -0.01i8
=-0.0001 0.0000 -0.0000 0.0000
0.0094 -0.0000 0.0002 -0.0002
-0.0118 0.0000 -0,0002 0.0003
KD =
1.04-03 =*
0.1893
=0.0000
0.003b
=0.0054
BD =
0.0250
# DISCRETE REGULATOR FEEDBACK GATNS FUR.ERRUR AND STATES =*

CERR =

-4.4247
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CLGT =
-41.0670 -5.6284 -201.8878
* DISCRETE REGULATOR POLES *
REGPOLES =

0.8312 + 0.01621

0.8312 - 0.01624
0.96%6 + 0,0243i
0.9696 - 0.0243i

* DISCRETE SYSTEM PROUCESS AND NOISE COVARIANCE MATRICES *
QD =
0.0126 -0.0431 0.0002

=0.0431 0.1474 -0,000b
0.0002 -~0.0005 6.0000

2.5000 0.
0. © 5.0000

# CURRENT ESTIMATOR GAIN MATRIX =*
LLGT L
=0.11565 0.0126
0.2900 ~-0.0193
~0.0138 0.0023

* PREDICTION ESTIMATOR GATN MATRIX : LPRED=PHI*LLGT =

LPRED =

A8 -

)
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-0.1360
0.3465
-0.0169

* PREDICTION ESTIMATOR POLES *

ESTPOLES

0.6780
¢.8922
0.9654

0.0160
~0.0286
0.0027

+ 0.000031
- 0.00001
+ 0.0000i

* CLOSED LOOP SYSTEM POLES *

SYSPOLES

0.6780
0.8312
0.8312
0.8922
0.96564
0.9696
0.9696

= 0.00001

+ 0.01523

- 0.01521
+ 0.0000i
= 0.0000i
- 0.0243i
+ 0.0243i

sdxkdk  COMPENSATOR

ACOMP

1.0034
-0.0769
0.2657
-0.0007

BCOMP

0.0308
0.1663
2.7681
0.0017

MATRI.CES

0.0292
0.0389
0.9887
0.0160

Fkkok

0.1056
~2.2157
8.46156
0.9723

[En———
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0.

~-0.1360

0.3465

-0.0169

CcoMP

4,4247

DpcomMp

0.

0.0160
-0.0286

0.0027

41.0670

=-0.0250

0.

5.6284 201.8878

MODAL FORM OF COMPENSATOR :

COMPENSATOR INPUTS :

[ YTACH(K)

YACC(K) REF(K) ]

COMPENSATOR OUTPUT : QW(K) = WHEEL TORQUE

AMODAL

-0.0564
0.0000
0.0000
0.0000

BMODAL

4.6483

0.0806

0.2574

=-1.2481

CHODAL

~1.1031

=0.0000
0.9314
0.0000
=0.0000

-0.5677
~0.0051
=0.0476

0.2868

~2.1475

0.0000
0.0000
1.0011
0.0000

0.0521
=0,0008
=(.2436
~0.0448

~0.0305

0.0000
0.0000
0.

1.2545

1.3899

285
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DMODAL

SYSPOLESH

6780
.8312
.8312
.8922
.9664
.9696
. 9696

S o o o O O O

NOMINAL WHEEL SPEED DURING STEADY STATE :

OMEGAQ

3.0

STEADY STATE VALUES OF ESTIMATOR STATES XI(1) THROUGH XI(4) :

II

13.3487
3.4916
-38.7489
15.2396

STEADY STATE VALUE OF CONTROL TORQUE:

aw =

0.141

0. i
0.0152i
0.01524
0.00004
0. %
0.02431
0.02431
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0.3 Modal decomposition of LQG compensator

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

-

mc(k + 1) = Aczc(k) + B, ym'(k) (0'27)
] r{k) ]
| |
u(k) = Cauk)+D.| " (0.28)
] r(k) ]
where
0 -1
B = [ ] = [B, B (0.29)
®L 0 |
Let the modal coordinate state vector be £(k), then
ﬁ(k) = Tf(k) = f(k) = T_l.'l?(k) (0.30)

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

eigenvectors of A, above.

With this transformation applied to equations Q.27 and O.28 the modal form of

the compensator becomes

Ek+1) = Anf(k)+ Bm ym (k) (0.31)
| (k)
[ ]

u(k) = Cné(k)+ D 'f’(’;()k) (0.32)
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where

A, = T AT

B, = TB.
Cm = CcT
D, = D, (0.33)

Ap, is a diagonal matrix if A, 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 D, = 0,
u(k) = Cré(k) (0.34)

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

z(k+1) _ ¢ I'Cr z(k) + 0 (k) (0.35)
E(k+1) BM An+ ByNCp, £(k) B,
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 a,f the present sampling instant. The

algorithm is summarized below:
— 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 yn, (k) and r(k).
— Update the compensator states by using equation 0.31:

ym(k)

r(k)
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— Calculate the control command for the next sampling instant, u(k + 1), by
using equation O:32;

u(k + 1) = Cné(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 Q¢ 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

[BY + (mw + mp + mr)riy 2+ fwQ = Qw (0.36)

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

error feedback control was designed, with the transfer function
Z— 2t
Qw(z) = Kr——[Rema(2) — 2(2)] (0.37)

K; = 16 and z; = 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

o | _| ek _te® | sm=0  (038)
£o §k+1) £(k)
so that
-1
ol _ | _|® TCm ° oy (039)

& BM An+B,NCn | B,
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whence we find & 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, Ty.}q,, 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 Padé 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;. 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 O.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 O.5. Notice that there is a ra.ﬁge 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 unacceptably low. The final design
of the compensator was obtained through iteration and inspection of the closedl

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 p; = z; = 0.

The plant equations are

z(k+1) ®z(k) + Tu(k) (0.40)
yn(k) = Ma(k)+ Nu(k) (0.41)

I

where yn, (k) is the measured tachometer, y,(%), and accelerometer, y,(k).

The compensator matrices are

sk +1) | _ | 2 Ka(pamz) [ | @l®) | | -1 K || we(®)
ma(k+1) 0 p, 1| =) 0 -1 Ya(k)
r A
K, K,
+ r(k) (0.42)
K,
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ar

&k +1) = Aci(k) + Betim(k) + Rer(k) (0.43)

wB) = [Kupe ) KKolra—2)] [mt(k)] I [yt(k)}

ma(k) ya(k)
+ [KiEK K (k) (0.44)
u(k) = C.&(k) + Dcym(k) + S.r(k) _ (0.45)

The value of K, is selected so that the transfer function from (k) to §2(k) is unity
in steady state:

. ba(k) 2= 2
Im Ty = mEKe—
= K KaiT%e (0.46)
- i ul""pa - .
so that K, must be
_ 1 .1_pa
K= 1 (0.47)

We can now combine the plant equations 0.40 and O.41 with the compensator

equations 0.43 and Q.45 to obtain the closed loop system eguations:

l 2(k+ 1) } _ [e+rpam re.+panc) } [ 2(k) }

gk+1) | B.JM A.+ B.JNC. 2(k)
T(S.+ D.JNS.,
+ (S + ) (k) (0.48)
R.+B.JNS, | \
where
J=[I-NDJ™? (0.49)

Figure 0.7 shows a step response for a 1 r/s command in wheel speed. Figure O.8

shows the loop gain and phase versus frequency of the longitudinal system.

L
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0.4.1 Successive loop closure compensator parameters

UCYC9/LGTDTACH.CTR

LGT DISCRETE COMPENSATOR DESIGN WITH PADE APPROX FOR TIME DELAY

s sl e o o e el oo ke Sl ol o e e el g ook e i o s s s ofe e ok o o e #kk okt ok
LONGITUDINAL STATES : THETA.D&T; OMEGA; THETA; XD
CONTROL INPUT : WHEEL MOTOR TORQUE (QW)
MEASUREMENTS : TACHOMETER; ACCELERDMETER
UNITS : METERS, RADIANS, SECONDS
TSAMPLE - =

0.0250
TDELAY =

0.0050
#kkkdk  CONTINUDUS TIME SYSTEM MATRICES ks
FLGT =

~0.0333  0.0333 54.5447 ~1.4149

0.1138 -0.1138 -151.2607  4.8433

1.0000 0. 0. 0.

0. 0. 0. -400.0000

GLGT =
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0.7075

~-2.4216
0.

400.0000

MLGT =

-1.0000 1.0000 0. 0.
-0.0011 0.0011 4,6700 0.

NLGT =

-0.0230
sk DISCRETE TIME SYSTEM MATRICES skak*x
PHI =
1.0162 0.0008 1.3692 -0.0036
=-0.0445 0.9971  -3.7957 0.0122
0.0251 0.0000 1.0171  -0.000t
0. 0. 0. 0.0000
GAM =
-0.0142
0.0485
-0.0001
1.0000
#xk#¥*  PLANT TRANSFER FUNCTIONS &%k«

TRANSFER FUNCTION FROM WHEEL DRIVE TORQUE TO TACHOMETER MEASUREMENT

TACHGAIN =
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0.0627 + 0.00001

TACHZERQOS

1.0733
0.59317
-0.2488

TACHPDLES

1.2009
0.9995
0.8301
0.0000

TRANSFER FUNCTION FROM WHEEL DRIVE TORQUE TO ACCELEROMETER MEASUREMENT

ACCGATN

0.0230

ACCZERDS

1.0035
1.0000
1.0035
=-0.0023

ACCPOLES

1.2009
0.993b
0.8301
0.0000

TRANSFER FUNCTION FROM WHEEL DRIVE TORQUE TO WHEEL SPEED ( OMEGA )

4

+=

+

0.00001
0.00003%
0.00003
0. i

0.00001

0.23591
0.00001
G.23594
0. i

0.00001
0.00001
0.00001

0. i

295
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OMGGAIN =

0.0486 + 0.00004

0MGZEROS =
1.0838
0.9227
=-0.2488

OMGPOLES =

1.2009

0.00001
0.9995 + 0.0000i
0.8301 - 0.00001
0.0000 + 0. i
*¥dksx+ TACHOMETER FEEDBACK LOOP PARAMETERS ( INNER LOOP )  skoksk
TACH LOOP PROPORTIONAL FEEDBACK CDMPENSATOR GATN=KT
KT =
15.0
CLOSED TACHOMETER LOOP GAIN, ZEROS AND POLES : YACC(S)/TACHCMD(S)
TACHLODPZE =
1.0035 + 0.23591
1.0000 + 0.0000i
1.0035 - 0.2359i
-0,0023 + 0. i

TACHLOOPPO =

1.0876 + 0.00004i
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0.9423 - 0.00001
0.0302 + 0.47681
0.0302 - 0.47681

TACHLODOPGA =

=0.3447

#akakk  ACCELEROMETER FEEDBACK LOOP PARAMETERS { OUTER LDOP )  dkakokx

FIRST ORDER COMPENSATOR:

GAIN=KA; ZA=ZERO & PA=POLE

=-20.0

PA =

1.050¢

ZA =

0.9600

0.0625

ACCLOOPZE =

1.0838 + 0.00001
0.9600 - 0.00001
0.9227 + 0.0000i
-0,2488 + 0. i
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ACCLOOFPD =
0.9351 + 0.16254
0.9782 + 0.0281i
0.9782 - 0.0281i
0.9351 - 0.1625i
0.0337 - 0.0000i

0.5 Pole-zero compensator with vertical sensor

We will use the same successive loop closure design approach as in section 0.4,
but this time assume that we have a sensor t}lat measures the pitch angle, #. The
first loop closure 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 z; = 0.75.
Figure 0.9 shows the root locus of the tachometer feedback loop as a function of
the loop gain K;. 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 closed next, with a first order compensator where
the pole is at z = 1.03 and the zero at 2 = 0.95. The root locus of the outer
loop is shown in Figure O0.10. Notice that the high frequency root locus enters
the unstable region of the z-plane for high loop gains |K,| > 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 thel unit circle. The enlargement of the low frequency root locus
branch near z = 1 (Figure 0.11) shows that the loop gain K, was selected so that

the closed loop poles were well damped.

The simulation of Figure O.12 shows a time response of the closed loop system to
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a unit step command in wheel speed.

0.5.1 Pitch feedback compensator calculation

UCYCT/LGTDTACH.CTR
LGT DISCRETE COMPENSATOR DESIGN WITH PADE APPROX FOR TIME DELAY

ok ke ok otk ke ok HAk Ak sk *

LDﬁGITUDINAL STATES ; THETA.DOT; DMEGA; THETA; XD
CONTROL INPUT : WHEEL MOTOR TORQUE (lih’)
MEASUREMENTS : TACHOMETER; PITCH SENSOR
UNITS : METERS, RADTANS, SECONDS
TSAMPLE =
0.0260
TbEI.AY =
0.0040
#skdesx  CONTINUOUS TIME SYSTEM MATRICES skskk*
FLGT =
-0.0333 0.0333 54,5447 -1.4149
0.1138 -0.1138 -151.2607 4.8433

1.0000 0. 0. 0.
0. a. : 0. =500.0000
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GLGT =
0.7075
-2.4216
0.
500.0000

MLGT =

-1.0 1.0 0.  o.
0. 0. 1.0 o,

NLGT =

sakkss DISCRETE TIME SYSTEM MATRICES #¥%*#*
PHI =
1.0162 0.0008 1.3692 -0,0029
~-0.044b6 0.9971  =3.7957 0.0098
0.0251 0.0000 1.0171  -0.0001
0. 0. 0. 0.0000
GAM =
=0.0149
0.0509

-0.0002
1.0000

*¥xkskx  PLANT TRANSFER FUNCTIONS  sewews

TRANSFER FUNCTION FROM WHEEL DRIVE TORQUE TO TACHOMETER MEASUREMENT
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TACHGATN =
0.0658
TACHZERDS =
1.0733
0.9317
=-0.1895
TACHPQOLES =
1.2009 + 0.0000i
0.9995 + 0.00001
0.8301 - 0.0000i
Q.0000 + 0. i
TRANSFER FUNCTION FROM WHEEL DRIVE TORQUE TO PITCH MEASUREMENT
PITCHGAIN =
-1.5614d-04
PITCHZEROS =
-1.7782
1.0000
=0.0203
PITCHPDLES =
1.2009 + 0.0000i
0.9995 + 0.00001

0.8301 - 0.00001
0.000C + 0. i
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TRANSFER FUNCTION FROM WHEEL DRIVE TORQUE TO WHEEL SPEED { OMEGA )

OMGGAINR

0.0509
OMGZEROS =
1.0838
0.8227
-0.1895
OMGPOLES =
1.2009 + 0.0000i
0.9995 + 0,00001
0.8301 - 0.0000i
0.C000 + 0. i

wiksdx  TACHOMETER FEEDBACK LOOP PARAMETERS ( INNER LOOP )  sksedoksk

TACH LOOP PROPORTIONAL FEEDBACK COMPENSATOR GATN=KT, ZER0=ZT, POLE=PT

KT =
15.0
ZT =
0.7500
PT =
1.0

CLOSED TACHOMETER LOOP GATN, ZERDS AND POLES : YPITCH(S)/TACHCMD(S)
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TACHLOOPZE

-1.7782 - 0.00001
1.0000 = 0.00001
0.7500 + 0.00001

=0.,0203 + 0. i

TACHLOOPPO =

0.1736 + 0.41601
1.0766 + 0.00001
0.9271 ~ 0.00004
0.6922 + 0.00001
0.1735 - 0.41601

TACHLODOPGA
0.0023

swinrs  PITCH ANGLE FEEDBACK LOOF PARAMETERS ( OUTER LOOP )  sx#kk*

FIRSf ORDER GDHPENSATdR:

GAIN=KP? ZP=ZERC & PPF=POLE

KP =

1.0300
ZP =

0.9500
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KR
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Figure 0.1: Blockdiagram of a Discrete Time LQG Compensator with Integral Error
Feedback
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DISCRETE SYSTEM RESPBNSE WITH FULL STATE F.B.
1.8

Qw
YR A
/ \ Tsamples=ZDms

0.0 St S
Qcommand 1 r/sg STER
0.0l
0. 1.0 2.0 3.0 4.0 5.0 6.0
time(s)

Figure 0.2: Step Response of the Longitudinal Discrete Time System with Full State
Feedback
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RESPUNSE WITH FULL ORCER ESTIMATER
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Figure 0.3: Response of the Longitudinal System with a Full Order Estimator with
6(0) = 0.1 rad, but #(0) = 0 rad
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ROGTLOCUS BF TACHUMETER -LOBP VERSUS KT
1.0 . -
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Figure 0.4: Rootlocus of the Discrete Time Longitudinal Tachometer Loop with Pro-
portional Feedback of the Tachometer Measurement
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Figure 0.5: Rootlocus of the Accelerometer Loop with a First Order Pole-zero Com-
pensator
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LONGITUDINAL TIMz RESPUNSE

Tsample=25ms

Qcommand = 1 r/s STEP

,.3“ ) [ t 1 1 1 1 ) 1 L ]
g. 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 O.7: Step Response of the Longitudinal Closed Loop System Designed by Suc-
cessive Loop Closure (Gecosdsnges senset)
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LONGITUDINAL PLANT CL@SED LP@P FREQUENCY RESP@NSE
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Figure O.8: Loop Gain and Phase versus Frequency of the Discrete Time Longitudinal
Control System Designed by Successive Loop Closure
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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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R@@TL@CUS @rF PITCH F.B. LZ@P VERSUS KP

1.0

<150
0.5+ '
= \'fx
~V.p
~
N
)_"_.f
O . m i RN o 5 = ,gj
-0.5F ”
1.0 = l
0. 0.5 1.0
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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LONGI TUDINAL STEP RESPUNSE
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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.1 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, Q. 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.

ATl 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 10° and the
accelerometer signal is scaled up by a factor of 10° in the computations in order

to maintain good numerical accuracy.
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The program listing is documented with comments to explain the logic of the

algorithm.

( = Longitudinal Control Turnkey Program ]

{ Program to test ucycS/lgtdtach controller : Tsample = 25 milliseconds )
( Tight tach feedback loop closed first ) '

0 VERIFY !
LOAD/TARGET ( Turn echoing off during downloading )

( * ok »* DEFINE ADDRESSES AND CONSTANTS R * )

800000 CONSTANT LATDACADDR { Set LAT DAC's address )
800010 CONSTANT LGTDACADDR { Set LGT DAC’s addreas )
800020 CONSTANT LATENCADDR ( Set LAT Encoder’s address )
800030 CONSTANT LGTENCADDR ( Set LGT Encoder’s address )

800080 GDNSTAHT‘RCGOUNTERO ( Radio Receiver Interface )
B8000B2 CONSTANT RCCOUNTER1 ( Counter Adresses )

800084 CONSTANT RCCOUNTER2

800086 CONSTANT RCCONTROLWORD ( Counter Gontrolword address )

800090 CONSTART RCTRIGGER ( Trigger address to RESET IRQ flip-flop )
68 CONSTANT LEVEL2_TRQ ( Level2 Autovector Address )
8000D0 CONSTANT S&HADDR ( Sample & Hold's address )

8000E0 CONSTANT MUXADDR { Multiplexer’s address )
8000F0 CONSTANT ADCADDR ( Analog-to-Digital Converter’s address )
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0 CONSTANT LATACCMUX { MUXCode for Lateral Accelercmeter )
1 CONSTANT LGTACCMUX ( MUXCoda for Lomgitudinal Accelercmeter )

81000F COKSTANT RTCctrlADDR ( Set Real Time Clock’s Cntrlword address }
81000B CONSTANT RTCcoumteril ( Set Real Time Clock’s (ounter 1 address )
0 CONSTANT CHANNELO ( Terminal task number }
DECIMAL
15 CONSTANT LGTKt { Tach loop gain )
-20 CONSTANT LGTKa ( Acc loop gain )
62500 CONSTANT LGTKr ( Kr*10e6 : reference input gain )
3000 CONSTANT Dmega0 ( 1000%nominal wheel speed )

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

1250 CONSTANT RICperiodl ( Real Timer Clock Timer 1 initial count )
{ for 40 hz sampling fraq )

VARIABLE LATPWM ( Lateral Radio Pulse Width )
VARIABLE LGTPWM ( Longit. Radic Pulse Width )

VARIABLE TICKSAVE ( Memory location to save tick count )

VARIABLE LgtEncCount ( Counter for # vheel speeds to averags )
VARTABLE SpeedUpCount { counter for time in speed-up mode )

VARTABLE STORECount ( Counts numbers stored in STDRE arrays )

VARTABLE LGTCmd ( LGT acceleration command *1Ce6 )
VARTABLE LGTxak ( LGT accelerometer compensator statexi0ef )

VARIABLE Ytach3 ( Tachometer measurement *10ed }
VARTABLE Yaccé ( Accelerometer measurement * 10e6 )
VARTIABLE (w3 ( Wheel Torque #10e3 }
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400 1000 BACKGRQUND SLAVE
400 1000 TERMINAL BQSS

 Hoan ¥ REAL TIME CLOCK REPROGRAMMING WORDS sk sokksciohskskikkks )

CODE RTCset { Sets RTC Counter 1 to sample rate )
MOVE.L DO,-(AS8) { saves contents of DO on stack )

MOVE.B #$74,RTCctr1ADDR  Rewrites Cnirlword for counter 1 )

MOVE.W #RTCperiodi,DO

MOVE.B DO,RTCcounterl { Send low byte )
LSR.W #8,D0 N -
MOVE.B DO,RICcounteri ( Send high byte )

MOVE.L (A6)+,D0 ( Restores original value of DO )
RTS ( Return to subroutine )

END-CODE

CR .( Loaded RTCset )

ALSD MATH

FP32

FVARIABLE STORE1 STORELength 2» 2% VALLOT { Time history )
FVARTABLE STDRE2 STORELength 2+ 2% VALLOT ( arrays 1, 2, 3 )

FVARTABLE STORE3 STORELength 2% 2+ VALLOT

{ *xx *¥ #xkxxx REAL TIME CLOCK READING WORDS skdskacaraskkkakaseoor ok ko )

CODE ZEROtheTICKS ( - ) { Zercs the tick counter register )
CLR.L (A5)

RIB

END-CODE
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CR .( Loaded ZEROtheTICKS )

CODE TICKEStoSTACK ( - n ) ( Loads tick count on top of stack )
MOVE.L (A5),-(46) ( Current tick counter value onto stack )
RTS

END-CODE

CR .( Loaded TICKStoSTACK )

( * wok ok ¥+ COONTROL SYSTEM ALGDRITHM WORDS s

*

: 5 2048 LATDACADDR W! 2048 LGTDACADDR H! ; { Quick motors stop)

1 TDACSATURATE ( n - n ) ( Check if DAC command Saturates )
DUP 4095 > ( check for positive saturation )

IF DROP 4096 ( drop large value & supply Bat. valﬁe )

ELSE DUP 0 < ( check for negative saturation )

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

THEN THEN ; ( otherwise keep commanded DAC wvalue )

: WAIT4H ( n - ) ( S/W WAIT for n+*30 microseconds )
0 DD LOOP ;

+ CHECKTSAMPLE ( - £ ) ( Check if sample time has expired )
TICKStoSTACK ( get tick count )

0 > ; ( sets true flag if df >= Tsample )

CR .( Loaded CHECKTSAMPLE )

WORK ACTIVATE ( Activate Background task )

S ( Stop all motors )
0 LGTCmd ! ( Initial LGT reference input assumed = 0 )
0 LGTxak ! { Initialize acc. comp. state to zexo )

0 SpeedUpCount ! ( Initialize SPEED_UP counter )

0 STORECount ! ( Ipnitialize STOREi counter )
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RICset ( Set Real Time clock to Tsample )

BEGIN
CHECKTSAMPLE ( Check if sample time has expired )
IF ZERDtheTICKS ( If TRUE Reset counter to zZero . . . )

{ ssskrsesnss READ LGT TACHOMETER AND ACCELEROMETER #d#skswkhsks )

LGTENCADDR W& ( read binary value from enc. interface )
{ Bt <~ top of stack )

LGTACCMUX MUXADDR W! ( switch MUX to LGT accelerometer )
1 S&HADDR W! { sample analog signal )
1 WAIT4N ( wait 30 microsec for S&H to settla )

0 SEHADDR W! ( place SEH device in HOLD mode )

1 ADCADDR W! ( Starts A to D Converter )}
1 WAIT4N ( buy a little time for ADC to finish )

ADCADDR We¢ ( reads binary value from A/D )
( Bt Ba <- top of stack )

4095 - 4884 » 10003660 + ( convert to a voltagexliQe6 )
-31576 100000 */ { scale by LGTACCHAIN => acc#10ef j

( Bt Ya6 <- top of stack )

DUP YaccB ! { save copy of accel to print later )
( Bt Ya6 <~ top of atack )

SpaedUpCount € 200 > { check if speed-up phaze is over )
( sdokkhsxaksssss ACCELEROMETER LODP COMPENSATION smkdkkusdkmkkuk )
IF ( if so , add accelerometer compensation )

LGTCud € ( get acceleration command )
LGTKr * { mult. by Kr*10e€ -> 10eé * accel. cmnd )
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SWAP ~ ( subtract Yaé to get acc. error*10e6 )
DUP { save a copy for compensator update )
( Bt Ea Ea6é <- top of stack )

LGTxak @ ( get LGT accelerometer compensator state )
{ Bt Ea6 Fa6 JYa6<- top of stack )
9 100 */ + ( multiply by pa-za and add to acc. error )

LGTKa 1000 */ ( mult. by LGTKa; div. by 1000 => 1000%da )
{ Bt Ea6 da3 <- top of stack )

ELSE { during speed-up do tach loop comp. only }
DROP ( drop -Ya6 from top of atack )

0 0 ( supply zeros for Ea6 and da3 )
( Bt 0 0 <= top of mstack )

( wkwhksnmrkexsss TACHOMETER LOOP COMPENSATIODN LT k)
THEN ( do tachometer compensation loop )

Omega0 + ( vheal speed + da3 )
{ Bt Ea6 sum <~ top of atack )

ROT ( gef binary value of the tach )
( Ea6 sum Bt <- top of stack )

DUP ( copy to determine sign later )
10471976 SWAP / ( get 1000%abs(ytach) )

SHAP 2 MOD 0= ( get sign of the wheel speed : )
IF NEGATE THEK ( 0 => even # => neg. speed )
{ Ea6 sum T+3 < top of stack )

DUP Ytach3 ! ( save a copy to print later )
( Ea6é sum Yt3 <- top of stack )
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( get velocity error*10e3 )
- { Ea Et3 <- top of stack )

LGTKt * ( mult tach loop gain )
{ -> 1000xWheel torque )
( Eaé Qu3 <~ top of stack )

DUP Qw3 ! ( make a copy to print later )
( Ea6 Qw3<- top of stack }

15120 + 2048 15120 x/ ( get binary command for DAC )
7DACSATURATE ( check if DAC saturates )

LGTDACADDR H! { output torgue command )
( Ea6<- top of stack )

( #rxkxennxsrammniokrs COMPENSATOR STATE UPDATE sdk¥dokiksoskdbhbin )

LGTxak € { get LGT accelerometer compensator state )
( Ea6 Xa6 <- top of stack )

105 100 #/ ( multiply by LGTpa )
+ LGTxak ! { add to the acc. error and save xhat(k+1) )
{ stack empty <~ top of atack )

1 SpeedUpCount +! ( increment speed-up counter )

( wkddomrdkkakmmkikkrs STORE TIME HISTORY sk komokmokdgkkdokks )
STORECount © STORELength <

IF

Qw3 @ I>F 1000, F/ { Scale to normal units )

STORE1 STDRECount € 2% 2% + F! ( multiply index by 4 to )

( store 64 bit # )

Ytachd € I>F 1000. F/ ( Scale to normal units )



P.1.

SUCCESSIVE LOOP CLOSURE AND ACCELEROMETER

STORE2 STORECount € 2% 2% + F!

Yaccé & I>F 1000000. F/ ( Scale to normal units )
STORE3 STOGRECount € 2% 2% + F!

1 STDRECount +! { Increment the counter of # atored )
THEX
THEN PAUSE ( Go do terminal task )
AGATIN ;
( #+«* BUILDING OF TERMINAL E BACKGROUND TASKS FOR TURNKEY APPLICATION #*+ )

: WHIP ( Build and Activate Background task )
SLAVE BUILD
SLAVE WORK ;

: 7XEY ( Check if key was depressed )
BEGIN

PAUSE

TTERMINAL

DUP

IF

KEY DROP

THEN

UNTIL ;

: PRINT ACTIVATE ( Activate Terminal task )
-1 INIT-DISK ( reset all disk drives )

BEGIN

CR

." Press any key to aee BACKGROUND variable "
TKEY
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CR ." Qw=[ "
STORELength 0 DO
STORE1 I 2% 2% + F@
I 9MOD O=1IF ." .. " CR
THEN F. . *
PAUSE LOopDP ." 1; " CR

CR ." Ytach=[ "
STDORELength 0 DD
STORE2 T 2+ 2» + Fa
I 9MOD O=1IF ." .. "CR
THEN F. .» ¢
PAUSE LODP " 1; " CR

CR ." Yacc=[ "
STORELength ¢ DD
STDRE3 I 2% 2% + Fo
19 MOD O=TIF ." .. " CR
THEN F. .,»
PAUSE LOOP ." 1; " CR

CR

AGAIN ;

: START

CHANNELO BOSS BUILD { Initializes Terminal Task )
BOSS PRINT

WHIP ; ( Iritializes Background Task )

TURNKEY START ( Turn program into a TURNKEY application )

CR CR CR
. ( ¥rite protect STATIC memory and reset 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, Qq, 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/lgtdlqg.ctr )

( Longitudinal Contzrol Turnkey Program )

( Discrete LOG compensator with integral error feedback of wheel speed )

0 VERIFY !
LOAD/TARGET ( Turn echoing off during downloading )

( #ksokkaxaonkknisiss DEFINE ADDRESSES AND CONSTANTS ********t********;**t* )

HEX

800000 CONSTANT LATDACADDR ( Set LAT DAC’s address )
800010 CONSTANT LGTDACADDR ( Set LGT DAC’s address )
800020 CONSTANT LATENCADDR ( Set LAT Encoder’s address )
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800030. CONSTANT LGTENCADDR { Set LGT Encoder’s address )
800080 CONSTANT RCCOUNTERO { Radio Receiver Interface )
800082 CONSTANT RCCOUNTER1 ( Counter Adresses )
800084 CONSTANT RGCOUNTER2
800086 CONSTANT RCCONTROLWORD ( Counter Controlword address )

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

68 CONSTANT LEVEL2_TRQ ( Lavel? Autovector Address )

8000DC CONSTANT S&HADDR ( Sample & Hold's address )
8000E0 CDNSTANT MUXADDR { Multiplexer’s address )}
8000F0 CORSTANT ADCADDR ( Analog-to-Digital Comverter’s address )

0 CONSTANT LATACCMUX { MUXCode for Lateral Acceleromster )
1 CONSTANT LGTACCMUX ( MUXCode for Longitudinal Accelerometer )

81000F CONSTANT RTCctrlADDR ( Set Real Time Clock's Cutrlword address )
81000B CONSTANT RTCcounterl { Set Real Time Clock’s Counter 1 address )

DECIMAL

VARTABLE LATPWM ( Lateral Radio Pulse Width )
VARTABLE LGTPWM ( Longit. Radie Pulse Width )

VARTABLE LATDACCMD ( Commanded Lateral Current )
VARTIABLE LGTDACCMD ( Commanded Longitudinal Current )

VARTABLE TICKSAVE ( Memory location to save tick count )
VARIABLE LgtSBflag { SPEED.UP / BALANCE flag ) !
VARIABLE LgtEncCount ( Counter for # wheel speeds to average )

VARTARLE SpeedUpCount ( Counter for period in SPEED_UP mode )

VARIABLE STORECount ( Counts numbars stored in STURE arrays )
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VARIABLE PanicFlag ( 1 => panic ; 0 => everything DK )

240 CONSTANT STORELength ( max # of entries which in array STOREL )
0 CONSTANT CHANNELO

1250 CONSTANT RICperiocdl ( Real Timer Clock Timer 1 initial count )
( NOTE : Must do Radio Initialization code BEFORE Math words are included )
{ slopmipkkkeekkkkninn LADI0 RECEIVER READING WORDS scksckmukokkookkohbdokhsbkk )

CODE RADIO_READ { Reads Radio Receivaer Channels upon IRQ )
MOVE.L DO,-{A6) { saves contents of D0 on stack )
MOVE.L $24(A4),-(A6)

MOVE.L D5,{A2)+

MOVE.L D6,D5

MDVE.L (A6)+,D6

MOVE.B #$21,RCCONTROLWORD ( Latches all counts )
MOVE.W¥ RCCOUNTER1,D0 { Reads LSB of Counterl )

MOVE.B DO,LATPWM ( Save temporaly )

MOVE.W¥ RCCOUNTER1,D0 ( Reads MSB of Countarl )

LSL.¥W #8,D0

MOVE.B LATPHM,D0 ( Get LSB )

MOVE.W DO,LATPWM ( Save )

MOVE.W RCCOUNTER2,D0 ( Reads LSB of Counter2 )

MOVE.B DO,LGTPWM ( Save temporaly )

MOVE.W RCCOUNTER2,D0 { Reads MSB of Counter2 )

LSL.W #3,D0

MOVE.B LGTPWM,D0 ( Get ISB )

MOVE.W DO,LGTPWM ( Save )

MOVE.B #$8F,RCCONTROLWORD { Rewrites Cntrlword to 1 )
MOVE.B #0,RCCOUNTER1 ( Write LSE of initial counterl )
MOVE.B #0,RCCOUNTER1 ( Write MSB of initial counterl )
MOVE.B #$4F,RCCONTROLHWORD { Rewrites Cntrlword to 2 )
MOVE.B #3,RCCOUNTER2 ( Write LSB of initial counter2 )
MOVE.B #0,RCCOUNTER2 ( Write MSB of initial counter2 )
MOVE.B #1,RCTRIGGER ( Reset IRQ flip-flop on Radie Int )
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MOVE.L D6,-(A6)

MOVE.L D5,D6

MOVE.L -{A3),D5

MDVE.L (A6)+,$24(A4)

MOVE.L (46)+,D0 ( Restores original walue of DO )

RTE ( Return from exception routine )

END-CODE
CR .( Loaded RADID_READ )

: RADIO_INIT ( Initialize Radio Comtrel Interface & Interzupt )

[*] RADIO_READ ( Initialize Radio Receiver ... )
LEVELZ_TRQ ! {( ... Level 2 Autovector )

BINARY

10001111 RCCONTROLWORD C! ( Set Counters 1,2 )
01001111 RCCONTROLWORD C! ( for Mode 0 )

1 MmGGEH c! ( Reset IRQ flip-flop on Radio Intf )

DECIMAL ;

RADID_INIT ( Do radio receiver interrupt initialization )

{ NOTE : Must do Radio Initialization code BEFORE Math words are included )
{ erkkdornrxkksxniorx REAL TIME CLOCK REPROGRAMMING WORDS soeskdokdaksbskskkkk® )
CODE RTICeet ( Setz RT Clock Counter 1 to sample rate )}

MOVE.L DO,-(46) ( saves contents of DO on stack )

MOVE.B #374,RTCctx1ADDR { Rewrites Cnitrlword for counter 1 )
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MOVE.W #RTCperiodl,DO

MOVE.B DO,RTCcounterl ( Send low byte )
LSR.W #8,D0

MOVE.B D0,RTCcounterl ( Send high byte )

MOVE.L (A6)+,D0 ( Restores original value of DO }
RTS ( Return to subroutine )

END-CDDE

CR .( Loaded RTCset )

ALSO MATH ( include floating point proceesor words )
FP3a2 ( set for 32 bit floating point numbers )

3. FCONSTANT Omega0 ( Bominal wheel spead )

19.8 FCONSTANT LATi0NKtorgq ( Lateral 10#Ngear*Ktorque )
15,12 FCONSTANT LGT10NKtorq ( Longit. 10#Ngear*Ktorque )

0.35048 FCONSTANT  LATACCGAIN ( LAT Accel’meter calibr conetant )
-0.31576 FCONSTANT LGTACCGAIN ( LGT Accel’meter calibr constant }

( in units of m/a"2 per volt )

1. FCONSTANT LGTpt ( LGT tach comp pole )
0.9 FCONSTANT LGTzt ( LGT tach comp zero )
16. FCONSTANT LGTKt ( LGT tach comp gain )

FVARTABLE LGTcommand { LGT command from radic receiver )
FVARIABLE LGTtach_meas { LGT tachometer meas )
FVARIABLE LGTacc_meas ( LGT accelerometer meas )

FVARTABLE [LATcommand { LAT command from radio receiver )
FVARIAELE LATtach_meas { LAT tachometer meas )
FVARIABLE LATacc_meas ( LAT accelerometer meas )
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FVARTABLE
FVARIABLE
FVARIABLE

FVARTIABLE

FVARTABLE

FVARIABLE
FYARIABLE
FVARTABLE
FVARTABLE

FVARTABLE
FVARTABLE

FVARTABLE
FVARTABLE
FVARTABLE

FVARTABLE

FVARIABLE

FVARTABLE

FVARTABLE

FVARTABLE
FYARTABLE

APPENDIX P. FORTH CODES FOR LONGITUDINAL CONTROL

thetadot { Plant theta_dot )
onega ( Plant omega )

theta ( Plant theta )

LGTVelError { LGT velocity error }

LG6Txtk ( LGT tach loop compensator state )

LGTxhatik ( modal compensator state )
LGTxhat2k { modal compensator state )
LGTxhat3k ( modal compensator state )
1GTxhatd4k ( modal compensator state )

EtaSign ( Sign of Turntable speed ETA )
DmegaSign ( Sign of Wheel speed OUMEGA )

LGTcontrelTorq ( Qcontrol = Qw of simulations )
LGTTorqAverage { Average Longit Torque = Qfric)
LGTtotalTorq ( Qtotal = Qfric + [contrel )

OmegaOAverage ( Average Wheel Speed )

DmegaOAccum { Wheel Speed Accumulator )
LGTTorqAccum ( Longit Torqne Accum. )

STORE! STORELength 4 # VALLOT ( Time history )
STORE2 STORELength 4 #* VALLOT ( arrays )
STORE3 STDRELength 4 * VALLOT

400 1000 BACKGROUND SLAVE

400 1000 TERMINAL BDSS

{ wkdckEmkmidrkknhkkx DTGITAL-TO-ANALOG CONVERTER WORDS #ksoickskadidkkakkdhak )
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: WAG 5000 0 DO 1000 1000 * DROP LODP ; ( General purpose S/¥W wait loop )

: 7DACSATURATE ( n = n ) ( Check if DAC command Saturates )
DUP 4096 > ( check for positive saturatien )

IF DROP 4096 ( drop large value & supply sat. value )

ELSE DUF 0 < { check for negative saturation )

IF DROP 0 ( drop large value & supply mat. value )

THEN THEN ; ( otherwise keep commanded DAC value )

: LATDAC ( #n - } ( Get 12 bit binary <-> Qt )
LAT10NKtorq F/ ( divide by 10%NgearsKtorque )
1. FSWAP F- 2048, F*

F>I 7DACSATURATE ( check if 0 < BINARY < 4096 )
LATDACADDR W! ; ( write 16 bit word to LATDAC )

: LGTDAC ( £n - } ( Get 12 bit binary <> Qw )
FNEGATE ( so that Qw > 0 causes OmegaQ > 0 )
LGT10NRtorq F/ ( divide by 10#Ngears+Ktorque )
1. FSWAP P- 2048. P+ '
F>I TDACSATURATE ( check if 0 < BINARY < 4096 )
LGTDACADDR W! ; ( write 16 bit word to LGTDAC )
CR .( Loaded LGTDAC )

S 0. LATDAC 0. LGTDAC ; ( Quick vay to stop motors )

( swakrmunsrmssnimisn ANALDG-TO-DIGITAL CONVERTER WORDS F—

WAIT4N ( n - ) ( S/W WALT for n*4 microseconds )
0 DD LOOP ;

MUXSWITCH (n - ) { awitches MUK to specified input channel n }

MUXADDR W!
1 WAIT4N : { waits 4 microsec. for MUX to settle )

: SAMPLEEROLD ( - ) ( SAMPLE and HOLD command )}
1 SRHADDR W! ( sample analog signal )
T WAIT4AN ( waits 28 microsec., for S&H to settle )
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0 SEHADDR W! ; ( place SEH device in HDLD mode )

: AD_CONVERTER ( - n ) { Do Analog to Digital Conversion )
1 ADCADDR W! ( Starts A to D Converter )

9 WAIT4N ( Waits 36 microsec. for ADC to fimish )

ADCADDR W0 ; ( Reads the digital result from the ADC )

¢ AtoD_CONVERT ( n - n } ( Input Chamnel# ; Output Digitize value )
MUXSWITCH ( Complete procese for an AtoD Conversion }

SAMPLEEHOLD

AD_CONVERTER ;

{ mkekiokekkensrmrrss ACCELEROMETER READING WORDS *x )
: RLATACC ( - fn ) ( Reads acceleration as the instrument sees it )

4095

LATACCMUX AtoD_CDNVERT { Reads binary value from A/D )

- I>F ( Converts to floating point # )

0.004884 F*

10.00366 FSWAP F- ( Get analog voltage )

LATACCGATN F* ( Multiply by calibr. constant to get ... )

; ( real acceleration seen by the instrument )
¢ RLGTACC ( - fn } ( Reads acceleration as the instrument sees it )

4085

LGTACCMUX AtoD_CONVERT { Reads binary value from A/D )

- I>F ( Converts to fleoating point # )

0.004884 F+

10.00366 FSWAP F~ ( Get analog voltage )

LGTACCGAIN F+ ( Multiply by calibr. constant to get ... )
: ( real acceleration seen by the instrument )

CR .{ Loaded RLGTACC )

( *#%% POSITION ENCODER READING WORDS sskkdisukuokidihsdnksick )
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: RLATENC ( - fn ) { Read TurnTable Speed ETA )
LATENCADDR We¢ ( Read number of clock pulses counted )
DUOP 2 MDD 0= ( 0 => even number => negative speed )
IF -1. EtaSign F! ( 1 => odd number => positive spead )
ELSE 1. EtaSign F!

THEN I>F ( Convert encoder reading to float. point )
27.2708 FSWAP F/

EtaSign F@ F* ; ( Turntable Speed ETA in rad/sec )

: RLGTENC ( - £n ) ( Read Wheel Speed OMEGA )

LGTENCADDR W¢ ( Read number of clock pulses counted )

DUF 2 MOD 0= ( 0 => even number => negative speed )

IF -1. OmegaSign F! ( 1 => odd number ﬂ)vpositive speed )
ELSE 1. OmegaSign F!

THER I>F ( Convert encoder reading to float. point )
10471.9755 FSWAP F/

OmegaSign F@ F+ ; ( Wheel Speed OMEGA in rad/sec )}

CR .{ Loaded RLGTENC )
( wdokidoki s kkkghknnkek REAT, TIME CLOCK READING WORDS #dsdkkssokdiihskikikkkx )

CODE ZERDtheTICKS ( - ) { Zeros the tick counter register )
CLR.L (Ab)

RTS

END-CODE

CR .( Loaded ZERDtheTICKS )

CODE TICKStoSTACK ( - n ) ( Loads tick count om top of stack )
MDVE.L (A5),-(46) ( Current tick counter value onto stack )
RTS

END-CODE

CR .{ Loaded TICKStoSTACK )

{ dondokkkkkxkkaskskxs RADID RECEIVER READING WORDS sk ke srdck )

: RLATPWM ( - LatR/C ) ( Read Lateral radio command )
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LATFWM W& 5164
I>F 1700. F/ : (. Scale to a value between -1 and +1 )

{ Remove bias )

: RLGTPWM ( - LgtR/C ) ( Read Longit. radic command )
LGTPWM We¢ 5164 - ( Remove bias )

I>F -1700. F/ ; ( Scale to a value between -1 and +1 )
CR .( Loaded RLGTPWM )

{ sk ssck CONTROL SYSTEM ALGORITHM WORDS ks skoksmsortskkikdkink )

: CHECKTSAMPLE ( - £ ) ( Check if pample time has expired )
TICKStoSTACK ( get tick count )

0 > ; ( sets true flag if dt >= Teample )

CR .( Loaded CHECKTSAMPLE ) '

:+ READ_SENSORS ( - ) ( reads radio commands, tacho- & accelerometers )

RLGTACC ( Reads Longitud. acceleration : ya )

LGTace_meag F! ( save the accelerometer measurement ya )

RLATACC ( Reads lateral acceleration as seen by sensox )

LATacc_maas F!

RLGTENC ( Reads wheel speed — pitch rate )

LGTtach_meas F! ( Saves longit. tach measurement yt )

RLATENC ( Reads turnmtable speed relative to frame : "eta" )}

LATtach_meas F! ( Saves lateral tach measurement yt )

RLGTPYM ( Reads command from radio receiver )
FDROP ©. { Temporary no additional wheel speed commanded )
Imega0 F+ ( Add nominal wheel speed )

LGTcommand F! ( Saves Longit. command )

RLATPWM ( Reads command from radio receiver )

LATcommand F! ; ( Saves Lateral command }
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CR .{ Loaded READ_SENSORS )
: PLANTmodel ( Plant model for simmlation purposes )

{ First calculate y(k) = Mx(k) + nu{k) : )

omega FO thetadot F@ F- LGTtach meas F! ( simulated tach meas, )

0.0011 omega F¢ thetadot F¢ F- F=*
4.687 thata F@ F« F+
-.023 LGTtotalTorq F@ Fx F+ ( direct feadthrough term )

LGTacc_meas F! ( sinulated acc measurement )

( simulate state transitions : x(k+l) = PHT#x(k) + GAMMA*u(k) )
1.0162 thetadot Fd F*

0.0008 omega FQ Fx F+

1.3692 theta FQ Fx F+

=~0.0178 LGTtotalTorq F@ F* F+

( thetadot(k+l) remaine on stack )

0.0445 thetadot FO F#
'0.9971 omega  F@€ F+ F+
-3.7957 theta  F@ F* F+

0.0607 LGTtotalTorg F& F» F+

( omega(k+1) remains on stack )

0.0251 thetadot FQ F»
0.0 omega F@ F* F+
1.0171 theta F¢ F* F+

-0,0002 LGTtotalTorg F& Fs F+

{ theta(k+1l) remains on stack )
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theta F!
omega F!
thetadot F!

( CR ." thetadot = " thetadot F¢ F. )
( CR ." onega = " omega F@ F. )
{ CR ." theta = " theta FQ F. )

-

! GetAverageOmega0 ( — ) ( Checks if Average Omegal ... )

( close to desired Omega0 )

LgtEncCount @ I>F FDUP ( number of numbers in accumulators )
OmegaOAccum FQ FSWAP F/ ( calculate average vheel speed )

OmegaOAverage F! ( stores the value )

LGTTorgAccum F@ FSWAP F/ ( calculate average friction torque )
LGTTorqAverage F! ( stores the value )

0. OmegaQAccum F! { Clears the accumilator )
0. LGTTorgAccun F! { Clears the accumulator )
0 LgtEncCount ! ( Resets counter )

1 SpeedUpCount +! ( increment counter )

SpeedUpCount @ 3 > ( check if 300 sample periods have passed )
IF i LgtSBflag ! ( Set flag => BALANCE routine next time )

0 SpeedUpCount ! ( Reset counter )

THEN ;

CR .( Loaded GetAverageUmega0 )

+ CHECK_SPEED ( - ) ( Check if wheel speed is up to Dmegal )

LGTtach_meas F@ ( Reads Wheel speed onte Floating Peint stack )
DmegaOAccum F@ F+ DmegaCAccum F! ( Accumulate Speeds )
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LGTtotalTorg F¢ ( Reads latest commanded wheel torque )
LGTTorgAccum F@ F+ LGITorqAccum F! ( Accumulate torgues )

1 LgtEncCount +! ( Increments # wheel speeds stored counter }
LgtEncCount @ 100 > ( Check if enough values saved on stack )
IF GetAverageDmegal

THER ;

CR .{ Loaded CHECK_SPEED )

! SPEED_UP ( Tachometer FB compensation to speed up wheel to Omegal )

Dmega0 ( nominal wheel speed )
RLGTENC FDUP LGTtach_meas F! ( reads wheel speed and saves it )

F- LGTVelError F! ( present velocity error )

LGTpt LGTzt F- LGTxtk F& F* LGTVelError F@ F+ LGTEt F#
FDUP LGTDAC { Iseues wheel torque command through D/4 )
LGTtotalTorq F! ( Saves the control command )

LGTVelError F@ LGTpt LGTxtk F¢ F& F+
LoTxtk F! ( Update tach comp atate Ffor next Tsampla )

CHEGE_SPEED ; ( Check if wheel speed is up to Omega0 )

: LGT_CONTROL ( Calculates the LGT contr output for this sample instant )
LGTToxrgAverage FQ

LGTcontrolTorq F@ F+ ( Add control torque to friction torque )

FDUP LGTtotalTorg F! ( save the total torque commanded )

LGTDAC ;+ ( Output torque command to wheel motor )
CR .( Loaded LGT_CONTROL )

: LGTCompUpdate ( Updates LGT compensator states and control ... )
( for next Tsample )

~0.0564 LGTxhatlk FQ F+

339




340 APPENDIX P.

4,6483 LGTtach_meas
-0.5677 LGTacc_meas
0.0521 LGTcommand
LGTxhatlk

0.9314 LGTxhat2k
0.0806 LGTtach_meas
-0.0051 LGTacc_meas
-0.0008 LGTcommand
LGTxhat2k

1.0011 LGTxhat3k
0.2574 LGTtach_meas
=-0.0476 LGTacc_meas

=0.2435 LGTcommand

LGTxhat3k

1.2545 LGTxhatdk
~1.2481 LGTtach_meas
0.2868 LGTacc_meas
-0.0448 LGTcommand

LGTxhat4k

-1.1031 LGTxhatik

-2,1475 LGTxhatZk

-0.0305 LGTxhat3dk
1.3899 LGTxhatdk
LGTcontrolTorg F!

Fo
Fe
Fe

Fa
Fo
Fe

Fe
Fe
Fe

Fe

FQ

Fe
Fe
Fa
Fo

Fa
Fx

Fx

F!

Fe
F*
Fr
F#

Fo
Fx
F
Fx

Fa
Fx
F&
F*

Fx
Fx
Fx
Fx

FORTH CODES FOR LONGITUDINAL CONTROL

F+
F+
F+
{ store xlhat(k+1) for next Tsample )

Fx*
F+
F+
F+
( store x2hat(k+l) for next Teample )

Fx
F+
F+
F+
( store x3hat(k+l) for next Tsample )

Fx
F+
F+
F+
{ store x4hat(k+1) for mnext Tsampla )

{ calculate control torque .. )
F+ { command for next Tsample )
F+
F+

; ( Bave u(k+l) )

: CONTROL_SYSTEM ( CONTROL of lateral & longitudinal motion )

PanicFlag @ 0= { Check the panic flag first )

IF ( If zere => mo panic )

LGTcommand F& FDUP

-.5 F> 0.5 F< * 0= { check if ~.5 < LGTstick < 0.5 )
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IF 1 PanicFlag ! ( Set panic flag )
ELSE LGT_CONTROL { Do LGT system control )

THEN
ELSE { Panic Mede : Command LGT torque directly from R/C )
LGTcommand FQ@ LGT10HKtorq F» LGTDAC
THEN

LATcommand F@ { get Lateral Radioc Command )
LAT10NKtorq F* ( Let Lateral Stick control turntable torgue )
LATDAC ; ( Dutput as a Current Command to Lat motor )

CR .( Loaded CONTROL_SYSTEM )
¢ STOREtimeHistory ( Stores a time history of a variable )

STORELength STORECount & > ( check all data stored 7 )
IF

LGTtotalTorg F§ ( get tha variable to be stored )
STORE1 STORECount € 2% 2% + F! ( increment index by 4 .. )

( to store F1. Pt. # )

LGTtach_meas FQ ( get the variable te be stored )
STORE2 STORECount @ 2% 2% + F!

LGTacc_meas FQ@ ( get the variable to be stored )
STORE3 STORECount © 2+ 2% + FI

1 STORECount +! ( increment index )
THEN ; ( increments array pointer )

: WORE ACTIVATE ( Activate Background task )
§ ( Stop all motors )

RADIO_INIT ( Initialize Radio receiver )

0. LGTtotalTorq F! ( Initial LGT comtrel torque = 0 )
Omega0 LGTcommand F! ( Initial LGT ref imput = 0 )
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Omega0 LGTtach_meas F! ( Initial LGT tachometer meas = 0 }
0. LGTacc_meas F! ( Initial LGT accel meas = 0 )

0. LGTVelError F! ( Imitial LGT velocity error = 0 )

0. thetadot F! ( Initialize plant simu. states )
Dmegal omega F!

0. theta F!
0. LGTxtk F! ( Initialize SPEED_UP comp state )

13.34B7 LGTxhatlk F! ( Initialize the modal .. )

3.4915 IGTxhat2k F! ( compensator states )
-38.7489 LGTxhat3k F!

15.2396 LGTrhatdk F!

0. OmegalAccum F! { Zero wheel apeed Accumulator )
0. LGTTorqAccum F! ( Zerc wheel torque Accumulator )

0. LGTTorgAverage F! ( Zero friction torque )

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

{ for Dmega0 )

0 LgtEncCount ! ( Counter for # wheel speeds to average )

0 SpeedUpCount ! ( Counter that determines how long to SPEED_UF )
0 PanicFlag ! ( Start with no panic condition ) '

0 STORECount ! ( initialize STOREi array counter )

0 LgtSBflag ! ( Start with speed-up algorithm )

RICset ( Set Real Time clock to Tsample )

BEGIN

CHECKTSAMPLE ( Check if sample time has expired )
IF ZEROtheTICKS ( If TRUE Reset cntr =0 ... )
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LgtSBflag ¢ 0= ( Speed_up/Balance Flag =7 .. )
IF SPEED UP ( 0 => speed up wheel )
EISE ( 1 => do balance algorithms )

LGT_CONTROL { caleulate LGT control torque )

STOREtimeHistory ( Stores a time histories )
READ_SENSORS { Read all the sensors simultaneocusly )

{ PLANTmodel simulate plant model to predict states .. )

( and measurements at mext sample )

LGTCompUpdate ( Update LGT comp states for next Ts )
THEN THEN PAUSE ( Go do terminal task )

AGATE ;
( %% BUILDING OF TERMINAL & BACKGRDUND TASKS FOR TURNKEY APPLICATION %% )

! WHIP ( Build and Activate Background task )
SLAVE BUILD
SLAVE WOEK ;

: TKEY ( Check if key was depressed )
BEGIN

PAUSE

?TERHINAI;.

bUP

IF

KEY DROP

THEN

UNTIL ;

¢ PRINT ACTIVATE ( Activate Terminal task )
-1 INIT-DISK ( reset all disk drives )
BEGIN

CR
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." Press any key to see BACKGROUND variable "
TKEY
CR ." gw=[ "
STDRELength 0 DD
STORE1 I 2% 2% + Fe
I 7MODO=1IF.," .."CR
THEK F. .", »
PAUSE LOOP

CR ." ytach=[ "

STORELength ¢ DO
STORE2 I 2% 2% + Fg
I7MODO=IF ." .."CR
THEN F. . , "
PAUSE Logp

CR ." yacc=[ "
STORELength 0 DO
STORE3 T 2% 2% + Fd
I 7M0DO=IF ." .. " CR
THEN F. ., "
PAUSE LOOP

AGATN ;

¢ START

CHANNELO BOSS BUTLD { Initializes Terminal Task )
BOSS PRINT

WiIP ; ( Initializes Background Task )

TURNKEY START { Turn progranm into a TURNKEY application )

CR CR CR
.( Write protect STATIC memory and reset tha computer )

EDF
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P.3 Successive Loop Closure and Pitch Sensor

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 Omega0 constant.

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

scaled up by a factor of 10° while the accelerometer was scaled up by 10,

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

( Longitudinal Contrel Turnkey Program w==s===========z )

( Program to test ucyc7/lgtdtach controller : Tsample = 25 milliseconds )

( Tight tach feedback loop closed first with integral error control)
{ Use LOHET pitch angle sensor ) ‘

0 VERIFY !
LOAD/TARGET ( Turn echoing off during dowmloading )

( dddkasakkinkdikrss DEFINE ADDRESSES AND CONSTANTS * ke FEAA KRR )

HEX

800000 CONSTANT LATDACADDR ( Set LAT DAC’s address )
800010 CONSTANT LGTDACADDR ( Set LGT DAC’s address )
800020 CONSTANT LATENCADDR  ( Set LAT Encoder’s address )
800030 CONSTANT t.GTENCADDR ( Set LGT Encoder’s address )
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800080 CONSTANT RCCOUNTERO ( Radio Receiver Interface )
800082 CONSTANT RCCOUNTER1 { Counter Adresses )

800084 CONSTANT RCCOUNTER2

800086 CONSTANT RCCONTROLWORD ( Counter Comtrolwerd address )

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

68 CONSTANT LEVEL2 TR ( Level2 Autovector Address )

8000D0 CONSTANT S&HADDR ( Sample & Hold’s address )
8000FE0 CONSTANT MUXADDR ( Multiplexer’s address )}

8000F0 CONSTANT ADCADDR { Analog-to-Digital Converter’s address )

0 CONSTANT LATACCMUX ( MUXCode for Lateral Accelerometer )
1 CONSTANT LGTACCMUX ( MUXCode for Longitudinal Accelercmeter )

81000F CONSTANT RTCctrlADDR ( Set Real Time Clock’s Controlword addr., )
81000B CONSTANT RTCcounterl ( Set Real Time Clock’s Counter 1 address )
0 CONSTANT CHANNELCG ( Terminal task number ) '
DECIMAL

15 CONSTANT LGTEt ( Tach loop gain )
-40 CONSTANT LGTEKa { Acc loop gain )
0 CONSTANT Omega0 { nominal wheel epeed#10e3 )

320 CONSTANT STDRELength ( data storage array STOREL length )

1250 CONSTANT RTCperiodl ( Real Timer Clock Timer 1 imitial count )
( for 40 hz sampling freq )

VARTABLE LATPWM ( Lateral Radio Pulse Width )
VARIABLE LGTPWM ( Longit. Radic Pulse Width )

VARIABLE TICKSAVE ( Memory location to save tick count )

VARTABLE LgtEncCount { Counter for # wheel apeeds to average )



P.3. SUCCESSIVE LOOP CLOSURE AND PITCH SENSOR 347

VARTABLE SpeedUpCount ( # sample periods in SPEED_UP mode )
VARIABLE STORECount ( Counter for # numbers stored )
VARTABLE LGT¢md { LGT acceleration command *10ae6 )

VARTABLE LGTxak ( LGT accelerometer compens. state*10e6 )
VARTABLE LGTxtk { LGT tachometer compensator state*10e3 )
VARIABLE Ytach3d ( Tachometer measurement *10e3 )

VARIABLE YaccB { Accelerometer measurement * 10ef )
VARIABLE Qw3 ( Wheel Torque #i0e3 )

400 1000 BACKGROUND SLAVE

400 1000 TERMINAL BOSS

( sokdkkssesrsahinsrn REAL TIME CLOCK REPROGRAMMING WORDS sksskmbdkiikskn )
CODE RTCset ( Sets Real Time Clock Counter 1 to sample rate )

MOVE.L DO,-(A6) { saves contents of D0 on stack )

MOVE.B #3$74,RTCctrlADDR ( Rewrites Ctrlword for counter 1 )

MOVE.W #RTCperiodi,Do

MOVE.B DO,RTCcounteri ( Send low byte )

LSR.H #8,D0

MDVE.B DO,RTCcounterl ( Send high byte )

MOVE.L (A6)+,D0 ( Restores original walua of D0 )
RIS ( Returm to subroutine )

END-CODE
CR .{ Loaded RICset )

ALS0 MATH
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FP32 .
FVARTABLE STORE1 STORELength 2% 2% VALLOT ( Time history )
FVARIABLE STORE2 STORELength 2+ 2# VALLOT { storage arrays )
FVARTABLE STORE3 STORELength 2* 2% VALLOT

( *dopdokiokssnioress REAL TIME CLOCK READING WORDS * *wkE )

CODE ZEROtheTICES ( - ) { Zerocs the tick counter register )
CLR.L (a5)

RTS

END-CODE

CR .( Loaded ZEROtheTICKS )

CODE TICKStoSTACK ( - n ) ( Loads tick count on top of stack )
MOVE.L (A5),-(A8) ( Current tick counter value -> stack )

RTS

END-CUDE

CR .( Loaded TICKStoSTACK )

( *drkopisopaktxsimwks CONTROL SYSTEM ALGORITHM WORDS sk ksskdknapimd )

: § 2048 LATDACADDR W! 2048 LGTDACADDR W! ; ( Quick motors stop )

t TDACSATURATE ( n - n ) ( Check if DAC command Saturates )
DUP 4095 > ( check for positive saturation )

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

ELSE DUP 0 < ( check for negative saturation )

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

THEN THEN ; { otherwise keep commanded DAC value )

: WAITAN ( n - ) ( S/¥W WALIT for n#*30 microseconds )
0 DO LOQP ;

: CHECKTSAMPLE ( ~ £ ) ( Check if sample time has expired )
TICKStaSTACK ( get tick count )

0 > ; ( sets true flag if di >= Tsample )

CR .( Loaded CHECKTSAMPLE )
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s

WORK ACTIVATE ( Activate Background task )
S ( Stop all motors )

0 LGTCmd ! ( Initial LGT reference input assumed = ¢ )
0 LGTxtk ! ( Initialize tach. comp. state to zero )

0 LGTxak ! ( Imitialize acc. comp. state to zaro )

0 SpeedUpCount ! ( Initialize SPEED_UP counter }

0 STORECount ! ( Initialize STOREi array emtry counter)
RTCset { Set Real Time clock to Tsample )

BEGIN
CHECETSAMPLE ( Check if sample time has expired )
IF ZEROtheTICKS ( If TRUE Remet counter to zero . . . )

( *kwknwwwxesrtx READ LGT TACHOMETER ARD ACCELEROMETER ###¥%kmkkns )

LGTENCADDR W0 ( read binary value from pos enc )
( Bt <- top of atack )

LGTACCMUX MUXADDR W! ( switch MUX to LGT accelerometer )
1" SZHADDR W! ( sample analog signal )

1 WAIT4N { wait 30 microsec for S&H mattle )

0 SEHADDR W! ( place S2H device in HOLD mode )

1 ADCADDR W! ( Starts A to D Converter )
1 WAIT4N ( wait for ADC to finish )

ADCADDR We¢ ( reads binary value from A4/D )
( Bt Ba <~ top of stack )

4095 - 48384 =* 10003660 + ( convert teo a voltage#i0e6 )
20435 1000000 */ ( scale by LGTACCGAIN => acc#10e6 )
( Bt Ya6 <- top of stack )
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DUP Yacc6é ! { save copy of accel to print )

{ Bt Ya6 <~ top of stack )

SpeedUpComut, € 0 > ( check if speed-up phase over )

( ##Fxxpkeeirx ACCELEROMETER LOOP COMPENSATION *%# )

IF ( if =0 , add accelerometer compensation )

LGTCmd @ { get acceleration command )

6 100 */ { mult. by Kr to get 10e6 #* accel. command )
SWAP - ( subtract Ya6 to get acc. error*i0e6 )

DUP ( save a copy for compensator update later )

( Bt Eab Ea6 <~ top of stack )

LGTxak € ( get LGT accelerometer compensator state )
( Bt Eab Ea6 Xa6<- top of ptack )

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

LGTEa 1000 »/ ( mult. by LGTKa, div. by 1000 -> da*10e3 )
( Bt Eaé das <- top of stack )

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

DROF ( drop Ya6 from top of stack )

0 0 ( supply zeros for Ea6 and da3 )

( Bt 0 0 <= top of stack )

{ dokkdokkkrpickreks TACHOMETER LOOP COMPENSATION sdkdkakkkmsksnin )

THEN ( do tachometer compensation loop )

Omega0 + ( wheel 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 MOD 0= ( get sign of the wheel speed : )
IF NEGATE THEN ( 0 => even # => neg. speed )

( Ea6 sum Y43 <- top of stack )

DUP Ytach3 ! ( save a copy to print later )
{ Eaé sum Yt3 <~ top of stack )

{ get velocity error*i0e3 )
~ { Ea6 Et3 <- top of atack )

DUP ( Save copy for tachk comp update )
( Ea6 Et3 Et3<- top of stack )

LGTxtk @ ( Get LGT tach compensator state )
( Ea6 Et3 Et3 Xtk<- top of stack )

25 100 #/ + ( multiply by pt-zt and )

( add tach error )
LGTKt * ( multiply with tach loop gain to )
( Wheel torquex10e3 )

( Ea6 Et3 Qw3 <- top of stack )

DUP Qw3 ! ( make a copy to print later )
( Ea6 Et6 Qu3<- top of stack )}

16120 + 2048 15120 »/ ( get binary command for DAC )
TDACSATURATE ( check if DAC saturates )

LGTDACADDR W! ( output torque command )
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( Ea6 Et3<- top of stack )
{ *xminmokrsicokksss COMPENSATOR STATE UPDATE #s#wsoknskkbshik )

LGTxtk @ ( get LGT tach compens state )
( Ea6 Et3 Xt3 <~ tap of stack )

100 100 */ ( multiply by LGTpt )
+ LGTxtk ! ( add to the tach. error and save xhat(k+l) )
( Ea6 <- top of stack )

LGTxak € { get LGT accelerometer compensator state )
{ Ea6 XaB <- top of stack )

103 100 %/ ( multiply by LGTpa )
4+ LeTxak | ( add to the acc. error and save xhat(k+1) )

( stack empty <- top of stack )
1 SpeedUpCount +! ( increment speed~up counter )}

{ maddksukapkrpin STORE TIME HISTORY scdokamddiokkskibnknkdk )
STORECount @ STORELength <

IF

Qw3 € I>F 1000, F/ ( Scale back to normal )

STORE! STORECount € 2% 2% + F! { multiply index by )

( 4 to store 64 bit # ) '

Ytach3d @ I>F 1000. ¥/ ( Scale back to nmormal )
STORE2 STORECount @ 2% 2% + F!

Yacc6 € I>F 1000000, F/ { Scale back to normal )
STORE3 STORECount © 2% 2% + F!

1 STORECount +! { Iancrement # siored )
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THEN

THEN PAUSE ( Go do terminal task )
AGATN ;
{ s4» BUILDING OF TERMINAL & BACKGROUND TASKS FOR TURNKEY APPLICATIDN #ao¢ )

: WHIP ( Build and Activate Background task )
SLAVE BUILD
SLAVE WORK ;

: PKEY ( Check if key was depressed )
BEGIN

PAUSE

?TERMINAL

DUP

IF

KEY DROP

THEN

UNTIL ;

: PRINT ACTIVATE ( Activate Terminal task )

~1 INIT-DISK ( raeset all disk drives )

BECIN '

CR

-" Press any key to see BACKGROUND variable "
. TKEY

CR ." Quw=[."

STORELength 0 DO
STORE1 I 2* 2% + Fe
IBHMOD O=1IF ." .. " CR
THEN F. ,» ©
PAUSE LOoOP ." 1; " CR
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CR ." Ytach=[ "
STOHELength 0 DD
STORE2 I 2% 2= + Fe
I 8MODO=1IF." ., "
THEN F, . *
PAUSE  Loop ." 1; v

CR ." Yacc=[ "

STORELengtk 0 DO
STORE3 I 2+ 2% + F¢
I 8 MOD O=IF " .. "
THEN F. .»
PAUSE  LOGP ." I; "

CR

AGAIN ;

¢ START

FORTH CODES FOR LONGITUDINAL CONTROL

CR

CR

CR

CR

CHANRELO BOSS BUILD ( Initializes Terminal Task )

BOSS PRINT

WHIP ; ( Initializes Background Task )

TURNKEY START ( Turn program into a TURNEKEY applicatiom )

CR CR CR

. ( Write protect STATIC memory and reset the computer ).

EOF
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Appendix Q
Lateral Control System

Q.1 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.1.

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

(I + I = -1V Q0 - fod + frn—Qr (Q.1)

0+ I+ T+ mwrly + mp(rw + re)? + mz(rw + r1)%)é
= [BY + mwrl + mprw (rw + 77) + morw(rw + rr) Q0%

+ [mwrw + mpr(rw + rF) + mr(rw + r7)lgé - (Q.2)

T+ Ei=—-frn+Qr (Q3)

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
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can be determined by inspection of equations G.13 and (.14 in Appendix G
[ + 15 + (1= ) + (1 - n) I
= —I'Qd - fe¥ + frn—-Qr Q9
(5 + I} + [ + 0’ Bl = ~frn+ Qr (Q-5)
Equations Q.2, Q.4 and Q.5 are the dynamic equations of motion of the lateral

system, where /3¢ is the moment of inertia of the rotor of the turntable drive motor

and 7 is the gear ratio of the turntable drive system.

Rewriting these equations into state space representation, they become:

[ 0 Li: Liz O 17 é 1T Juf ~fe fr O 17 ¢ 1 [-1]
In 0 0 0 0 Jor 0 Jaa 0
0 Lp Iss O i o o - fr 0 i 1 o
0 0 0 1]|¢é| [T o0 o0 0 ]|[é] [0
(Q.6)
Where:
hy = B+ +(1~nif . Q.7
Lz = n(l-n)f (Q.8)
In = V+If +IF.+mWT%V+mF(TW+TF)2+mT(?‘W+5"T)2
‘ | (Q9)
Ip = If +nif (Q.10)
Ls = IF 2% (Q.11)
Ju = I, (Q.12)
Jez = [ +mwrly + merw(rw + 77) + merw(rw + r7))%  (Q.13)
J2a = [mwrw + mp(rw + rr) + mo(rw + r7)lg (Q.14)

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

inertia terms, yields the standard state space form of the system of lateral dynamic
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equations:

x=Fx+ Gu (Q.15)

where u=Qr and x= [§, ¢, 7 ¢[7.

Q.2 Lateral sensors

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 similar 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 = RLAT 7 (Q.16)

where nr47 is the known gear ratio of the turntable drive system. The micropro-

cessor can scale the tachometer measurement so that the state 7 is measured:

Yyr=17 (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 eguation A.76 and the acceleration due to gravity is —g¢ for
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small roll angles. Figure Q.1 shows how the sign of the accelerometer measurement

is determined.

Qu(z.aT) = ka[~(rw + 753)d + rw ot + 9] (Q.18)

where rg3 is the height above the wheel axle at which the accelerometer is mounted.

From equation Q.15

¢ = Fié + Fio¥h + Fian+ Fisé + G1Q7 (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:

Yo = —(rw+ "'S?.)an}.6 + [rw o — (rw + T‘Ss)Fm]’lZ’
— (rw +7rs3)Fan+ (g — (rw + rs3)F14]é ~ (rw + r53)G1QT
(Q-20)
The measurement obtained from an ideal roll angle sensor would be
Yyr=1¢ (Q.Ql)

Q.3 Lateral system characteristics

The lateral system dynamic behaviour is a function of the nominal wheel speed
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.
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Q.3.1 Lateral system characteristics calculation

UCYC12/LATCHAR. CTR

' LATERAL SYSTEM CHARACTERISTICS

ke dk Wekok sk sk kol ook ook sk ook ook s s o e
LATERAL STATES : .PHI.DUT; PST.DOT; ETA; PHI
CONTROL IHP-UT : TURNTABLE MOTOR TORQUE (QT)
MEASUREMENTS : TACHUMETER; ACCELEROMETER; ROLL ANGLE SENSOR

UNITS : METERS, RADIANS, SECONDS

el a6 e el ot o ol e 0 o o kel ek N kNN e e o ko o e ok e e e e e

NOMINAL WHEEL SPEED (RAD/SEC) :

OMEGAQ =

3.0

ACCELEROMETER HETGHT (METERS) :

Rs3 =

0.6500

OPENLOOP SYSTEM MATRICES:

a0 ok el o ool e el e e o ol e e ek e e e
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0.
~0,2240

0.1718

1.0000

GLAT

0.

-1.5415
2.6999
0.

MLAT

EIGVAL

-0.0260
~0.2384
-3.2890

3.2910

EIGVEC

0.0015

1.0000
0.2031

0.6575

-0.0492
0,0378
0.

0.
0.0294
0.

=-0.0094
=0.6515
1.0000

0.
0.1212

=0.2122
0.

1.0000
0.
0.

1.0000
0.0713

-0.0567

APPENDIX Q. LATERAL CONTROL SYSTEM

10.971%

0.
0.
0.

0.
0.5387
1.0000

1.0000

-0.08653

0.0483
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-0.0599
CTR

0.1828
2.6792
0.1673
-0.1425

0BS
0.2031
-0.0028
-0.0599
RESTDU
0.0371

=0.0005
=0.0110

TRANSFER FUNCTION FROM TURNTABLE DRIVE TORGQUE TD TACHOMETER MEASUREMENT.

TACHZERDS

3.3000
-3.2938
-0.0279

TACHPDLES

3.2910

=3.2890

-0.2384

-0.0250

TACHGAIN

0.0392

1.0000
0.0020
0.0392

2.8792
0.0052
0.1051

=

-0.3040

-0.0567
-0.1617
-0.3040

=0.0095
-0.0271
=0.05609

0.3039

0.0483
0.1i618
0.3039

~0.0069
=0.0231
=-0.0433
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2.6999
TRANSFER FUNCTION FROM TURNTABLE DRIVE TORQUE TO ACCELERQMETER MEASUREMENT
ACCZEROS =
0.0000 + 1.0284i
0.0000 - 1.0284i
0.0000 + 0. i
ACCPDLES =
3.2910
-3.2890
-0.2384
-0.0250
ACCGAIN =
-0.0454

TRANSFER FUNCTION FROM TURNTABLE DRIVE TORQUE TD ROLL ANGLE MEASUREMENT

ROLLZERDS =

ROLLPOLES =

3.2910
~-3.2890
-0.2384
-0.0250

ROLLGAIN =
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=1.0135

Q.4 LQG control system design

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:

e 0 H € 0 -1
1 = + u 4+ T
X {0 F x G 0
€
v = —[C., O] (Q-22)
X

where H=[010 0]

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

minimizing the cost function:
J= % / (ae? + bud)dt (Q.23)
0

A CTRL-C program ’lgtlgg.ctr’ was used to calculate the regulator gains and the
print-out is shown in section Q.4.1. The ratio § 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 effects on the plant and meé,surements, is:

g = Fz+Gu+ Guuw
Ym = Mz +ow (Q.24)

where:

w is a random disturbance vector with spectral density Q
UYm 18 a vector of the measured quantities

2 is a random measurement noise vector

G, is the process noise input distribution matrix,

The complete statistical nature of the measurement noise is not known because
the actual sensors have not been selected. For this reason we will assume the
same spectral densities for the tachometer (R;) and roll angle sensor (R,) as for

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

R, 0.05 rad?/s

R, = 01 m?/s? (Q.25)

The process noise spectral density is also assumed to be similar to that of the
longitudinal system. The noise input distribution matrix G,, is assumed to be the

same as the control input distribution matrix.

Q 2 N2m?s

G, = @ (Q.26)

A Kalman-Bucy filter [Kalman] with filter gains L, can be designed to provide an
optimal estimate of the state vector & in the presence of the specified disturbance

inputs. The estimator state equation is

& = Fot + Gou + L(ym — M%) (Q.27)
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Ideally the plant model used in the estimator would have the same parameters as

the actual plant, i.e. Fy = F and Gp=G.

The Kalman filter gain matrix L is shown under ESTGAINS in the print-out listed
in section Q.4.1. Equations Q.22 and .24 can be combined to give the lateral

closed loop system matrices:

& F —GC, -GC z 0 Gn 0

éEl=1 o0 0 H e |+ -1 |r+| 0 of]"”

& LM —-GoC. Fy—GoC-LM & 0 0 L i
(Q.28)

The performance of the state estimator is simulated where the actual initial roll
angle ¢(0) = 2 degrees, while the estimated roll angle is ¢(0) = 0. Figure Q.4
shows that the roll error initially 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/LATLOG.CTR

CONTINUOUS TIME LATERAL CONTROL SYSTEM WITH FULL ORDER LQ ESTIMATOR

Li ] * ekl e S oot e ok o sl o o 0 o s o oo o ke

LATERAL STATES : PHI.DDT; PSI.DOT; ETA; PHI

CONTROL INPUT : TURNTAELE MOTOR TORQUE (QT)
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MEASUREMENTS : TACHOMETER; ROLL ANGLE SENSOR
UNITS : METERS, RADIANS, SECONDS
*aiokx  CONTINUGQUS TIME PLANT MATRICES & seackek
FLAT =
0.0000 0.8575 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
-1.5641b6
2.6999
0.0000
GNOISELAT =
0.0000
-1.5415
2.6989
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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w#xks MATRICES FOR INTEGRAL ERROR FEEDBACK CONTROL

)

EXTENDED STATE VECTOR IS : PSIDOT.ERR; PHI.DOT; PSI.DOT; ETA; PHI

FINT

0.0000
0.0000
0.0000
0.0000
0.0000

GINT

0.0000
0.0000
-1.5415
2.6999

0.0000.

kol

0,0000
0.0000
-0.2240
0.1718
1.0000

REGULATOR DESIGN

1.0000
0.6575
-0.0492
10.0378
0.0000

0.0000
0.0000
0.1212
—0.21ﬁ2
0.0000

3ok

0.0000
10.9713
0.0000
0.0000
0, 0000

’

COST FUNCTION WEIGHTING FACTORS ON STATES AND CONTROL :

ADTAG

5.0

BDIAG

1.0

0.0 0.0

0.0

OPTIMAL INTEGRAL ERROR AND STATE FEEDBACK GATNS :

CERR

2,2361
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-45.4187

REGGATIN

~3.4468
REGZEROS

=-3.3124

3.3124

£ -0.0000

REGFPOLES

-0.0000
‘ -1.3237
i _ -1.3237

-3.2921
: -3.2921

-5.9571

0.00001

1.31801
1.31801
0.00641
0.0064i
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-0,0787 -150.9253

akpkk  ESTIMATOR DESIGN  #sksiks

QLAT

1.0

RLAT

0.0500
0.0000

P o it s e

0.0000
0.1000

PROCESS AND MEASUREMENT NOISE SPECTRAL DENSITIES :
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OPTIMAL ESTIMATOR GAINS AND ESTIMATOR POLES 1

ESTGATNS =
1.2390 21.7228
-6.8113 -0.9544
11.8559 0.2314
0.4528 6.5832
ESTPULES =
-0.0279 + 0,0000%
-3,3009 # 0.04173,
-3.3009 - 0.0417i
-12.0710 - 0.00001
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+ a4 (vertical)

for a positive roll angle
>0

pendulum control torque
Qp(LAT) >0

Pendulum position
if no control torgue

had been applied

S,

direction of
frame acceleration

t
I
|
1
LAS
|
1
1
- e E
|
i rw+-r83 for lateral acceleration
i _ of the frame of:
L -ty + 530§+ 5,0, 01,
f3 pendulum control torque
v ) Qp (LAT) > O
f2

he output signal from the servo accelerometer is proportional to

the total pendulum control torque

Q_(LAT)= k [~ (xy + rs3§$ trgQ @+ gdif,

Figure Q.1: Lateral Accelerometer Measurement
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Figure Q.2: Step Response of the Lateral System with Full State Feedback
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FREG. RESPUNSE WITH FULL STATE FEEDBACK

0.C

-5, <

-10. | \\

-15. — _ \

-20.

"2 01 1 | 1
frequency (Hz)
- INPUT = YAW RATE-C@MMAND : BUTPUT : YAW RATE

.00

Ep—
_.____‘____\

-100.

-200. ' - R |

.01 : .1 1

frequency (Hz)

Figure Q.3: Frequency Response of the Lateral Closed Loop System with Full State
Feedback
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e ——




Q.4. LQG CONTROL SYSTEM DESIGN

373
RESPONSE WITH FULL URDER ESTIMATOR
4. [

L QIL |

3. b~
o Actual|¢(Q) =| 2 deg | whiile
| |Initial |Stake Estimatks &= 0
AR
= i
E | i. “9’5
| doft
- 1 'I: T .
Loy / s
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O
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-
7
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s A
/
i
/
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5 ! {1 /
_ ' I {
£ VY /
| b /
AN /
._ \ ,
-2 ‘_\ 4 ;
!
L N
\. / —
- 3 . - ]
0 1.0 2.0 3.0 4.0 5.0 6.0
time(s)

Figure Q.4: Response of the Lateral System with a Full Order Estimator and an Imt1a1
Roll Angle of 2 Degrees
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