Cascade Velocity Pl Controller Torque Disturbance Analysis
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Velocity Loop Model with a Torque Disturbance

The intent of this document is to provide a Mathcad model which can be used to evaluate the transient
response to various torque disturbances applied at the load.

Note that the model does not include a prefilter. A prefilter does not impact the response to a torque
disturbance for a velocity loop. In a position loop implementation the outer loop is much slower than the inner
velocity loop.

We divide the analysis into 3 zones.

1. X=3
2. 2= x<3
3. 3<x<25

This was done to provide the best matching of estimates to the peak amplitude and its time of occurrence.
These estimates were provided in the document Cascade Pl Controller Design using a Limited Span Method
(LSM) by EQ 33 through EQ 36.

The time response was adjusted to each zone as a function of the damping factor .

Background:
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p—
Ty(S) = J-o(S) + D-a(S) J (kg m*2) is the total

moment of inertia.
d o )
bl \ 5 ) Angular Acceleration
s
N-m
D " il ] Viscus Friction constant.
R
If we can neglect the viscus friction term -
{ rad ]
f I".- v \ P
< T:(S) Irid \m=l 5 .
oL - s J 3
(8) T \ - s
s
As we desire the outout angular speed change with respect to a load torque disturbance:
T:(S) rad 1
o(S) = —~ i In the time domain - @ (t) = — Te(t) dt
(8) = — : (=] < Te
Conversion Factors . —
ounce in= ———— Rev = 2-x-rad RPM = 1.
14161193 60-s
Defined Inputs =1 placeholder
=3 ) ; rad
1=2510 kgm" Total Moment of Inertia ap = 100.—
5
Ty, = 7.0611519- 10 -Nem Amplitude of the Torque Disturbance

Tip = lounce_in
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From the Model

Te(S) = TL(S) + Tg(S) Summing Point for the torque disturbance

With an Open Loop Gain

S
l1+—
1 Kr-Kpspd Kispd ( mzj

G, S) = — EQ1

olispd( ) 1S S ( S j

1+ —
Op
Tq(S) = ~Gol spd (S)-Te(S) = ~Gol spd (S)-(TL(S) + Ty(S))
Tq(S)( 1+ Gyl spa () = ~Gol spa (S) TL(S)
-G, S
Tq(S) = oLspd ) o) EQ 2
1 + Gol spd (S)
G S
Therefore T:(S) = TL(S) - olspd () TL(S) EQ3
1+ Golispd (S)
1+G S)) -G S
Tg(S) _ ( olispd( )) olispd( ) TL(S)
1+ Golispd (S)
T:(S) = TL(S)
: 1+ Gol spd (S)
Note that the Sensitivity Function is 1
y Se spd (S) = EQ4
1+ Golispd (S)
Therefore Tg(S) = Sg spd (S)-TL(S) EQS5
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2
s*(s + op)
Se spd (S) = 5 3 EQ 6
(Q) (Q)
S+ Sz-wD+ S-—D + —
X 3
X
Oyt (S) 1
= —-S S EQ7
TL(S) S.J é_spd( )

In all cases the poles and zeroes are established by equations listed in the document Cascade Pl Controller
Design using a Limited Span Method — Closed Loop Summary (pages 10 and 11)
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Throughout
J=2510"5.kg-m® Tip = 7.0611519-1073 N-m

See Page 11, x = 3, {=1 in the document: Cascade Pl Controller Design using a Limited Span Method.
Zone 1 1=3

t:=0s,0.0001s.0.8s

G.‘ ) Ef _1- m
K = ok slyl= 3333328
LT s
- + 27+ 3 e
@iyl =olzy 1-j ', : ;,:,1?--3:.:3:5’
i -1 | 5
-7+ 2y +3 24
@iyl =alyh 1+ j1— - wdy) = 33333 —
i z-1 | s
I w L
ody) = — wdyl=33333—
X L]
2
o
E..‘i?'] L= o m_,l:'rl -E
3 2
7 1
Ky(z) = 3703725 sdd) =T
!-— L]
m:.:-m.,l:'l" = t{ﬂ-;':j‘_l-m.i:}‘l-BS_;S;E -, ciy)
E o=
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See Page 21, EQ 33, and EQ 35 in the document: Cascade PI Controller Design using a Limited Span Method.

FOR y =3  Estimation

(0216347 + 0.75585 + 0.6984)

Tpu;:_ﬂy.r.-:lnf =
@p
a = -0.35887268 oy = 0.74967119.24
- 5
(1.rd 5]
s Trp lkem
Ag pai: 117 .0p) = |17 — a)| . 2 ||'@prr
- @p lxm J | -
Tpeas 1(3.0p) = 0.049 A puat 1(3.0p) = 7_113“%‘
Time Domain response to a Impulse of torque

S(S+op) T e
(—D)S.%.l;g_m.l EQ 8 v=3 [£=1]

(S + wc(X)) mos

Tp kgem 1 (-1 » 1 22
(Dout_I_EQ3(t) = Tg?;(z '(DC(X) "Op + E'('OC(X) T +top— 2't’(’)c(X) +1 -exp(—(x)c(x) 't) EQ9
400
200
& ot | £330 (0-s) = 282 446 rad

="}

o 0 0.2 04 06 03

Tio _ 282 44624
J 2

5
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Time Domain Response to a Step of Torque

Dout s EQ(D) =

%-:xp(-t-c«)c(){ ))t01)(-opt+toly)-2)
ol1) [

Tp kg 21 rad
7 Nm 2 3 EQ10

10

5

@ou s EQ3(D 3 \\

0 0.1 02 03 04 03 0.6 0.7 0.8
t
ad
© out_ s £Q3(0.049-5) = 7.117 = Peak
NRSen s
O out_s £Q3(0-2806-5) = 0.071 e 1% of Peak
t, =0.03s
T..- = }-iax:tmze{ QG‘I.‘F(_S_EQ] t."
Estimated Actual
rad rad
AEJQ_M L{3.€-JDI'=7_112— mms‘EjSIUi= 711732—
- 5 - 5
Both are zero if out of range
(3.100.24) - 0.049 0.049
TM_L']\ & T = A 5 T‘- = a s

2806 C\!m_s_Eqst 028065:' = 007111'11

= 0.2806s Recovery to within ~ 1% of peak

@p

m.lJtJi_Jr:s'ml‘J
100
mm_s_gq3! 02806051

= 0.999994

Note that at the end of the move due to the torque step disturbance a residual phase offset will result.
This is the result of integrating the angular frequency plot (EQ 10 above, x = 3.0).

4
hm [ f-"ma_s_EQB(t) dt = {]_763rad

Hy—=®=Jy
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See Page 21, EQ 33, and EQ 35 in the document: Cascade Pl Controller Design using a Limited Span Method

i G.E_O.I—E.. Sl‘:J'O-]ri‘:I

Zone 2 2<=3<3 :
5 5 5

Example y =2.716

c=1 D=0

IS_CHI_OK23 = [#](2< % < 3).c.D]]
IS CHI OK23=1

Oidentifies2<= y< 3

0= [#[ly 2 2)1s_cH1_OK23 A (7 < 3)15_cHI_0K23.1,0]]

0=1 0O =1 ifinrange, 0 otherwise

See Page 11, x < 3, {< 1 in the document: Cascade Pl Controller Design using a Limited Span Method.
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op
aly) = —Dl,;r -1)
4

3
7\!‘!”/*3] ay(7) = 31501 - 18.912i =4
£

aly) =aly) 1=
LY 1 { 1 (-1

2
7\W’] oyl7) = 31.591 + 18.912i 24
H

aly) =oly) 1+ §
1 1 { i -1

al)=35019 28
s

@
ady) = i
1
2
@ @
Kaly) = — "’I[?'F_D
3 2
x X
mdz rad
Kaly)=499.127 oly)=13.556 —
G s
= - rad . oly) 3
g =ody) = Joylz)-osly) = 36819 — = I=0858
s 0y

See Page 21, EQ 33, and EQ 35 in the document: Cascade Pl Controller Design using a Limited Span

Method.
oly) = 36‘819“;‘i a=la, @g=ag41 - _:2 uz - mdz= r.-lﬂz
=
o =31.591Hz 0g= 18.912Hz z = 0.858
la? + 04 = 36.819Hz
a = -0.35887268 oy = 0.74967119.24
= -1
b = 0.46092839 oy = 0.91066589.24
- =
_ (021634 + 0.7558.5 + 0.6984) (0.0409,° + 2.4526., - 3.685)
TMJI‘@D"F ifl l0o=1). 5
CﬂD GD
( rd (. rad
1 s T I-kg-m‘j‘ " s I l-lcg'm'1
: “Onrr.ly - bH : : Oty
- \ &p 1Nm J -

Aady.ap) = if] (0= 1).(3 - a} .
{ ep INm J
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Time domain response to a Impulse of torque

t:=0-5,0.0001-s..0.3-s  Time Range Variable

S{S+o T e
( > D) oh ! ( )-%-ﬁﬁm 1 EQ 11 for{ <1 Impulse Response
S+ ‘m s
[(S+oc) +c0d:| c\X £<3
Let
2 2 2
D= +04 +0.(1) -20-0.ly) EQ12
and
T T _ r
k() = ﬂ-(kg—m-lvﬁ;d]-i v[(mdl rol+ o.l1)-0op-2-a-0.ly) )‘exp(-a-t)vcos[oad-t)] EQ13
J N-m S J Den ™ '
T 2
k(t) = —LE[ e id]--l—-(—-md-mc{y_ ) —o-0g+ 0pg)expl—ot)sin(ogt) EQ 14
J N-m s J Den
T, m> —olot+opoly)) ol(ely)+op)
ki(t) = —Lg-[ kgrm lﬂd—]—l— ( i ) - ( : D -exp(—a-t]-sin(md-t) EQ15
J N-m s J Den O4 (o]
Tip (kgm® . rad |[ 1 ) \
ky(t) = J.[ﬂ. ,1]- —( 0c(1)" - op0.l1))exp(-01) 1) EQ16
J N-m s Den '
®out 1 1T3(1) = k1(D) + ka(t) + ka(t) + ka(t) EQ17
400
200 \
Ogy 1 rT3(t) N
~200 5 0.05 0.1 015 02 025 0.3
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Time domain response to a Step of torque

|:(S + a)2 + md2:| (S + (OC(X))
Let
xy EQ19 %, 20
Qg %2
and

Step Response for{ <1

EQ 20

2 2
Kya(t) = exp!—a-tl-{—xl-ad" + -Xpa +-Xyegop+ Xpogaldy) + —Xi-w:l;r_}-cog}

[
Kig(t) = expl—c-t)-| X;-c-:dz - Xrotz +-Xo40p+ Xjragaldy) + Xrody i-aDJ

-~ R— {(Ky4(0)-cos(@gt) + Kig(t)-sin(ogt)]

s I
a -ady)

X _u-(-:-cl 1)-0p

2
o -ady)
+

2

@4

|

x<3

EQ 23

( 2 3
| - o @p 0-3

Kaa(t) = expf—a-t'-; 2Xpoaaldy) + Xy +Xp— + X
\ @4 @4
{ 2 3
| ., %@ _ a

Kag(t) = expl-o-t) -2-Xyo-0dy) + -X;- + X — + =Xy
\ @4 Qg

T {(Kaa(®))-cos{agt) + Kyp(t)-sin{ogt]]

K3a(t) = expl-a-t)-Xy-a-aq4

Kig(t) = expl-o-t)-Xy-a-ay

1

2

(Tip kgm
1. | N

\ Dyys

\

I(t) =

1
]
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i o wclx?-aD]

EQ26

(K3a(t)-cos|wgt) + Ksp(t)-sinfagt) + —oly )-expl -0 7 )t) + op-exp{—oly)-1)) EQ 29

EQ 21

EQ22

EQ24

EQ 25

EQ 27

EQ28



Gou_s_t13(t) = h(8) + b(t) + L(t) EQ 30

(/

0 0.05 0.1 0.15 02 025 03
t
t,=0.02s
T, = Maximize{ 0 o 5 1731y
Estimated Actual
Toeu{7.0p) = 0.0435s T,=0.0432s
ZERQ if not in range
- ad rad
Aol % ‘UDi = 6511 IT y - 2716 er_s_]'_T_ﬂT-_vi =6.511 T
125 AR Eai b . rad
=0.202s Recovery to within ~ 1% of peak @om_s 17310.2005-5) = 0.065 2

20168
b

Note that at the end of the move due to the torque step disturbance a residual phase offset will result.
Plot for the above example is shown below.

0.6

0.566 radians
0.5

0.4
Oout in radians
0.3

0.2

0.1

0 0.05 0.1 0.15 0.2 0.25 0.3

Time in seconds

This is the result of integrating the angular frequency plot (EQ 30 above, x = 2.716).

at

lim Qe s L13(t) dt = 0.566-rad

E-—iﬂ-u

Page 12 of 25



Zone3d 3< 1<25 w022 014 gpp=2

5 5 5

3 <y <25 s split into two sub ranges;
J<y<4and4 <=y <25

+

Example y =40
Identify sub ranges with the following Tests -

A=1 B=0

1S_CHI OK =[i#[(3 < 7 < 25).A.B]]

IS_CHI_OK = 1
Pidentifies3< y< 4

p=[if](y > 3)-1S_CHI_OK A (% < 4)15_cH1_ok.1.0]]

= P =1if in range, 0 otherwise

Qidentifies 4 <=y <24
Q= [if[(y = 4)15_cHI_OK A (7 < 25)-1s_cH1 0K .1.,0]]

Q=1 Q =1 ifin range, 0 otherwise
R=PA-Q
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See Page 10, x > 3, {> 1 in the document: Cascade Pl Controller Design using a Limited Span Method.

@
Glyi::—nly_—ll cl]i=37_5E
2y s
N ) JPZE g3 d
oly) = 2_-)'-1\_ FAANTL =& =3 z511;}=9_549%
ap 2 )
ajly) = T-k—1+y+ 1 =24 -3) et
=% ayly) = 65451 —
z
4
oly) = — oly)=25=
" s
2
@ .o
Kalz) = — afz) = —
) 3 : 2
1 1
dz d
Kaly) = 156.25 ’a—j aly)=62525
$2 s
- d oly)
e, =aly) =,,'0*'|'-:-314'|'=25“; {=—2
n v VX s & - @,

See Pages 21 and 22, EQ 33 through EQ 36 in the document: Cascade Pl Controller Design using a Limited Span

rad

a = -0.35887268 Qg = 0.74967119-—
= =

b = 0.46092839 o = 0.91066589. 24
- 5

116342« 0 7558 = 1) 004002+ 2 4526
e :=Hm=1"10+163£ 0.75585 + 06984 (0.0409 + 24526, - 3.685)

@p @p
(, rad \ (; rad
115 T laged M Ty i
kg- ‘kg'm
Aogy.0p) =| if| (R=1).(7 - 2} : - 2 e Oncr 07 - b) : = =
L . ep 1.Nm J c | ep 1.Nm J
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Time Domain response to an Impulse of torque

3<y1<25 For[C> 1]

. {S”’Dll.s .-T—L" EQ 31 Impulse Response
[S+o:ll'[}]-[s+a(|y”-{s+a1[){]} J

t=0s5.001s.10s Time Range Variable

Let

acilz) = adyz) - aily) EQ 32

acaly) = edy) - ealy) EQ33

eplz) = aly) - asly) EQ 34

Tw‘kg‘mz cad | | (04(7)-0p-exp(—o4(1)-t)) aliz}z-exp{—all:z'l'-tl aly)-opexpl-oly)t)
g =|| ————1—| - - EQ 35
INm s aglz)-enly) acily)enly) acilr)ecly)
[TLP‘kg'mz “d] 05{1}21@(—@:{1“} oyl y)-ap-exp(—asly ) 1) 91{.112'5@{‘0311“1 EQ 36
n) = || 22D .| a8 :
JN'm 5 acaly)-ecly) acalz)oaly) el )oplz)
Bou 1 6T3(D) = 81(D) + 82(D) EQ 37
400
200
@i ) GIUD \\
—is 0 P |
=30 0 0.05 0.1 0.15 02 0.25 03 0335 04 045
t
( rad .

Oout 1.om310-8) = 282.446T peak velocity
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Time Domain Response to an Step of Torque

3<y< 25 For[{ > 1]
S+ o T
(5 + o) 4 EQ 38 Step Response
(s + 01(x)-(s + odx))-(s + @ax)) I
Let
b
i T (eil7) - ap) o
hy(t) = | 2.5 oad | \OPR T D exp(-on(2)4) EQ 39
| J N-m 53 GCE{'/_ h'ﬂn‘l‘/_}
- & 2 d | lep-ady))
hy(t) = =t g_'m ] M -expl-odz)t) EQ 40
'I i N-m 52- aCl[-}’buCﬂD"
| Trp & 2 d!| (ep-aeilzl))
{ g bp = @l £y
hi(t) = . g'm =1 -exp|—wal 7 )-t) EQ 41
| J N-m S: 0{:3[]’-011"]_}
Qopt_s_6T3() = hy(t) + hy(t) + hy(9) EQ42
10 ——=
/ '\\
T %
5 |- B L
© it 5 i1k / S ‘“"‘H-_‘___“
— 0 ‘——"—“—\—_
=3
0 02 04 0.6 0.8 1
4
X T, = Maximize{ @ gy 5 gT3.te)
Estimated Actual
Tpel 7 .0p)- (P € Q) = 0.0678s
T,= 0.06981s

Both are zero if out of range

Aagly.op) = 9.103 ot
s

5.2

ayly

Recovery to within ~ 1% of peak

& 0.5446s

0.5446 - 0.60331
0.60331

=-9.731%

©ou s_er3l To) = 9.313 %d

rad

05 om3(0.60331-5) = 0.09309 =2

Error in Recovery Estimate

This is the result of integrating the angular frequency plot (EQ 42 above, x = 4.0).

lan [ | G s ori(t) dt = 1.808 rad

p—==Jdg
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Sinusoidal Response

Frequency Domain

2
T«(S) _ 8§78 + ap) EQ 43 a(S) _ l §{S + ap) EQ44
TL(S) 2 3 T(S) J 2 3
S +Sz—mn+s-mi+m—n S3+Sz-mn+ S-mi-l-mi
1 3 1 3
. .
- Tr_{
S= jo Glol=s = o) EQ 45
2 T]’Jﬂ'
. ij,@}lv[l i§ j-i)-mn
G;.l’@’ = ; \ I, E’D' EQ“G
(s i ]-1 1452 )-wﬂzi-m;'.;f}-a:ht}
L mlly_]_ G)c'ljr_}_ L m;l){i_
Gesl(o) = 20-10g( |Gulo)|) EQ 47 plo) = arg(G:la)) EQ 48
Zonel

- = 10022
5

wily)= 33.333%" aly)=334%3 “%‘ aily)= 33.333%d

Gegplo) ¢§(®)
50 200 —
LI
0 | !
I alw) ™
G @) LT = 100 i 1T
N
™
100 ¢ 10 100 %4 10 100
(5] (A )
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A Sinusoid of Torque
Where
t=0s.0001s._65s
Tox = Trp |Ge(0rent |
Tpo= 1.684x 10 Nom

T:(t) = Tpycos(@pt + e)

-3
Tip= 7.061 x 10 Nm

Tr(0) = Typcos| @y t)

1022
5

© = arg(Gy(0gs) )

©=2367rad © = 135.613 deg

0.002

)
L4
Therefore T
0 outl(t) = l - sm(mtest't"'e)
I Dtest
“’ Peak of th t
ea e o0 u
o . i i - 7 i, A 1 " A | (70 ¥ Tutp
0 WA ANTAIA W AW/AV
= BIVIRY R
-6.733
..... ST __\/_/________X.J_’_________\}.Z,____ = ______\_/_j________S Ampl = 6_'1'351’:1
s
0 0 0.5 1 15 2 25 3 35 4
t
Magnitude
© ou(1.805-5) = 6.735 22 —_2®  _ 1000s™d
: 2433.s— 1.805s T s
0,ui2AT5 ) = 673520
s
rad Pudod, F= e - T = 0.628s
0 gue(2.119-5) = —6.735— "~ 159155.Hz o

s
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Zone 2
1 = 2716

ad
oy(y) = 31.591 - 18.912i ==

s

op = 100%

ad
o.l7) = 36.81925
5

d
©5(7) = 31.591 + 18.912i ==

s

Using equations EQ 10 through EQ 15 results in the following amplitude/phase plots below:

G&dB((D) (I)g(ﬂ))
30 200 ——
Tl
0 - |
| p/ [ ‘:I.Cﬂ} | \
G.glo) il A T HHH—T
—  -s5p [+ ﬂ,{ : deg
Al L
lmo.l 1 10 100 l-ll.‘l3 00.1 10 100 1-10°
@ @
Input Torque Disturbance: t =0s5,001s.6-s Time Range Variable
TL(®) = Tpp-cos®eeget)
0.01 ‘ |
o Uﬂ [ \Uf UA\J[\UA\ \\//\U
B |
0015 1 2 3 3 E 6
t
Torque Summing Point
Tey = TLp‘|G§[wtest)| 0= m’g( G';‘[(’)test))
Tpy = 1.323 % 10 °N-m ©® =251rad © = 143.805deg
+

T:(t) = Tpy-cos(@geset + ©)

0.002

AN

w AN NN
=

VALY,

-0.002
0.002 0

03

1 13 2 235
t
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Therefore T

1 Ipx |
O out(t) = _'_‘S‘II(t":’test‘t + 9)
Dtest

10 :
‘ _ Peak of the output
5 et Bt 1 - L Lt NI AL L L L L ‘.f““"““ = i e
=2 W AN/ANFA / L T
= ol ; o g
= \VARV RV
_____ P2 SO . 0 L AN 1" A A . S
‘ Ampl = 529324
| 5
i 05 1 15 2 25 3 35 3
t
Magnitude
rad 2 rad
(0] 242.5) = 52903 — —_— = 10.005—
out(2.42:5) s 3.048.5s— 2.42-s s
ad
0 oe(3.048-5) = 5.293 —
s
T 2-m
0 out(2.734-5) = —5.293Hz period == ad T = 0628s
10.25
5

Page 20 of 25



Zone 3

rad ad
=4 op = 100 — Deqe = 10—
. * 5
- ad - ad - ad
o,(y) = 95492 oly) =25= 0y(7) = 654512
5 s 5

Using equations EQ 10 through EQ 15 results in the following amplitude/phase plots below:

ngB((D) ¢E_,(03)
50 : 200 -
N T~ ‘
.

0 = it b

ol \I h
G’gﬂiﬂ}i /‘/ "! @} 100 | I b |
— =50 [t Il s \Q

[
i hi
-100 3 0 0
0.1 1 10 100 1-10 0.1 1 10 100 11
o @
Torque Summing Point
TL()) = Tip-cos(@peset) Tip = 7.061x 10 °N-m
t =0s5.000ls._6s
Tey = TLp' G’;’(wtest)l 0= a‘l’g( G;(mtest))
Tpy = 2879 x 10“3N-m ©® = 1901 rad © = 108901 deg
T:(t) == Tpycos(@eget + ©)
0.005

ro oA AN N AN NN
— MVIVV VN VNV

~0.005 o 1 2 3 4 3 6
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Therefore

Peak of the output

0 05 1 15 2 25 3
3
Magnitude
rad
0 ou(1.224-5) = 1151525 :
1 1852 > nl U5 100052
© ou(1.8525) = 11.515— i i :
5
rad , 1
@ g (1.538-5) = —11.515— Period T=——o—  T=0628s
s 159155.Hz
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Comparison Summary

Impulse Response Comparisons Step Response Comparisons

300
200
@ gy ] BQEY @ our_5 QD
@ o 1 LTdt) 100 ©onr 5 1TEND
@ew 1 arit) @ s aTit)
il y e
-100 <5
0 02 04 06 08
: t
Frequence Domain Comparisons
0
G;.-,u...lw"x' L R TR . -. i . Bk e e e
Amplitude & i) i ¢

Gy inabe)

Phase

110

Legend
—_— EQ3
y:=2.716 LT3
(=4 GT3
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Comparison Summary
(continued)

Considering the residual position from a step of torque:
Repeat the equations -

2
s*(s + op)
S&_spd (S) = 5 3 EQ 6
®p ®p
S Sz-wD +S—+ —
X 3
X
O out (S) 1
=—-S S EQ7
s s1 e ®
Rearranging and Integrating EQ 7
1
eout_spd(s) = 5 'SE_,_spd(S)'TL(S)
SJ
Using the Final Value Theorem for Laplace Transforms which is:
lim SQ(S) = lim q(t)
s—-0 t— oo
When TL(S) = Tip (Impulse of Torque)
S-S + T
Oou spa @) = lim (5 + o) % = 0 EQ 49
s—»0
S+ Sz-mD+ S~E + oo
2 3
X X
Then TL(S) =T, / S (Step of Torque)
_ . (S + (DD) TLp _ X3 TLp
eoutﬁspdis(oo) - lim 3 T = _ZT EQ 50
S—0 op  op ®p
ST+S op+S— + ——
2 3
X X
3 T,
6omﬁspdfsiﬁnal()(,) = X_sz EQ 51
®p
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Matches the results on the referenced Pages

B out_spe snatl 2-716) = 0.566 rad See Page 12
B out_spd_soatl 3) = 0.763 rad See Page 7
Oou.spe suul4) = 1.808 rad See Page 16

However, note that when integrating the velocity Impulse response, the following is true:
(For the same Impulse and Step function amplitude / area value and Inertia)

X=1LT3 orEQ3 or GT3

With T, = Maximiz§ ooy s xt,)

Ty
J Oout I X (t) dt

0
= Oout § X (Tv) EQ 52
1s
T, is the crossover time (@out = 0) for the Impulse Response as well as the peak time
for the Step Response!
That is
(T }
| O 1_pg3(t) dt '
Xt L fijjeee T,=0.049s
s

1s

- d
o5 _EQ3l Tv) = 7.117 %

(T \
J Oy 1 r3(t) dt |
70 ) rad
« 651124 T,=0043s
1s s
vyt i) =651 22
T
[- Doy 1 GT3(D dt
e oo™ T, = 0.0698 s
1s s
dy

Oon_5.0m3(Ty) = 9313 =
s
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