Contents

Discrete Cascaded Motion CONIOL...........ooiiiiiiiiiiiiiiie e 2
0 01T To [N 1 T o 1R 2
GOVErNING EQUALIONS. .......uiiiiiiiiiiiiieeeeee e e e e e e e e e e e e e e e 2
General approach to tuning Inner Velocity LoOop:...........ooovviiiiiiiiiiiiieieieeeeeeeeeeeeeeai, 2
JLILU 111 T TSP PPPPPPPPP 3
SOIVE fOF GAINS. ...ttt a e e e e e e e e e 10
Speed LOOP RESPONSE.......ccoeeieeeeeecce et e e e e e e e e 10
0T (o] 1 o o o 1SS 12
GOVErNING EQUALIONS. .......uiiiiiiiiiiie e e e e e e e e e e e e 12
General Approach to Tuning Position LOOP.......ccoueeeiiiiiiiiiicieeeceeee e 12

B ILU ] 11 T TSP PPPPPRR 12
Y01V (o] 7= o F PRSPPI 15
POSItION RESPONSE. ....uiiiiiiiiiiie et e e e et e e e e e e eaaeeeeeeeee 15
FUll MOtOr LOOP RESPONSE........iiiieieieeiieeeeeeee ettt e e e e e e e e e eeeeas 17
GOVErNING EQUALIONS. .......uiiiiiiiiiiie e e e e e e e e e e e e e 17
WINOUL CFF ...ttt e e e e e e e e e anneeeens 18
LT T O SRRSO 21



Discrete Cascaded Motion Control

Speed Loop:

Governing Equations

ﬁm{:ﬂ}: (KaTo)z+ Ko T
M(z) (2J)2+(-2J,)z

Control loop:

fﬁ’pv + KTz — Kp'.'

z— 1

Or,

_Km— Kpi\.-::':

r—1
Simplifying,

K.
5o = 2
Kpi'.'

Open loop:

Qulz) _ Kpiv (KaT) 2+ KaT) (3= 2)
Qenl2) QI+ (=21p)z) (z— 1)

K.u K piv Ts
2,

KI(:I =

Closed Loop:

ﬁm[?.:' _ Ko Z:I' + (K — Ky 80) 2 — Ky b
Q'lz) 2+ (Kt —2) 2 + (Kiot — Kiot 0 + 1) 2 — Kot 8¢

General approach to tuning Inner Velocity Loop:

Find initial delta_c via a sweep, assess range selected via

1. PZ plot (identify other poles (should be positive, <1)
2. Bode plot < 50 Hz (negative gain window, small phase lag)

Iterate on delta_c.



Utilize delta_c selected to solve for single pole.

Find K_tot via bode plot sweep, selecting for < 50 Hz (negative gain in window, small
phase lag). Check PZ Plot to identify locations of other zeros (stable, decaying quickly).

Iterate to manually tune K_tot for a given delta_c.

Tuning
Solving for K_tot
AxTf, 2xT.f,
K c‘r:‘ru_zcx}ju_'_l
W= =377, 4dxT17 — dAxl.f, _ 6alj
e .-;.+c .vd_:,}n_c :u_h‘_c s
CE:

z— Kb + Kiw z + l“:tc:nu'.:l'— 3524‘ 23 — K - 7

System of Equations
eq 1=

b= — Kov
‘ va + K T

eq 2=

Ku !1 {Kpnr + Ei\-‘ T_.,-,'I

Kmt= 27
4 p

Solve:
K pv_sol =
205 Ky 8¢
Ko T
K_iv_sol =

20, Kt — 20 p Kyt 6
KaTs

Sweep delta_c for initial range [0.6, .99]



Pole-Zero Map vs. Jc 2, AEMA A
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sol_Ktot = -8.0813
so0l_Ktot = -0.0814
sol_Ktot = -0.0817
sol_Ktot = -0.0820
sol_Ktot = -0.0824
sol_Ktot = -8.0831
sol_Ktot = -0.0843
sol_Ktot = -0.0872
sol_Ktot = -8.0218
sol_Ktot = @.8225



Sweep [0.97, 0.99]

Pole-Zero Map vs. 6': 2, BEMAAR
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Sweep bode plot for delta_c [0.98, 0.999]
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Zoom on 50 Hz:
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delta_c shows <0 gain for < 50 Hz, select 0.987 for zero for low phase lag.

K,y = 0.0431, delta_ =0.9800

K., =0.0372, delta_=0.9817
tot 3

K. =0.0327, delta_=0.9835
tot 3

0292, delta_ = 0.9852

0264, delta_ = 0.9869

K., =0.0241, delta_=0.9886
tot o

K., =0.0221, delta_=0.9904
ot '

Ko =0.0205, delta_ =0.9921
ot o

0190, delta_ =0.9938

0178, delta_ = 0.9955

K., =0.0167, delta_=0.9973
tot '

K., =0.0157, delta_=0.9990
tot ©

Ky, =0.0431, delta_ = 0.9800

Ky, = 00372, delta = 0.9817
ot o

Ky, = 00327, delta = 0.9835
ot o

K,y =0.0292, delta_ = 0.9852

0264, delta_ 0.9869
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ot o

Ko = 0.0205, delta_ =0.9921
ot o

K,y =0.0190, delta_ =0.9938

K, =0.0431, delta_=0.9800

K, =0.0372, delta_=0.9817
tot c

Ky, =0.0327, delta_=0.9835

Ky, =0.0292, delta_ = 0.9852

Klo( =0.0264, delta_ = 0.9869

Ky =0.0241, delta_ = 0.9886

K, =0.0221, delta_ = 0.9904
tot c

K, =0.0205, delta_=0.9921
tot o

K, =0.0190, delta_=0.9938
tot o

Ky, =0.0178, delta_=0.9955

K, =0.0167, delta_=0.9973

K, =0.0157, delta_ = 0.9990
tot '

K, =0.0431, delta_ = 0.9800

K, =0.0372, delta_=0.9817
tot o

K, =0.0327, delta_=0.9835

Ky, =0.0292, delta_ = 0.9852

K., =0.0264, delta_=0.9869
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K., =0.0221, delta_=0.9904
ot c

Ky =0.0205, delta_ =0.9921

Ky =0.0190, delta_=0.9938

Ky, =0.0178, delta_ = 0.9955

K, =0.0167, delta_=0.9973
ot c

K, =0.0157, delta_=0.9990
tot c




At delta_c = 0.987, K_tot = 0.263.

Sweep K_tot from [10% to 2x] this value

Bode Plot Sweep (Gain)
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Low K_tot shows high phase lag, >0 gain.
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At 50Hz (~310 rad/s), K_tot = 0.0094 results in ~-3 dB gain, though large (90deg) lag.
Sweep K_tot for poles to rule out forced oscillations, instability for larger K_tot:

Poles and Zeros as K"Jt Increases
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Validate response:

Bode Plot: Magnitude and Phase
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Pole-Zero Plot of Velocity Inner Loop
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Solve for gains
sol_Kpv = 0.0079

sol_Kiv = 1.0400

Speed Loop Response

G_omega =

1000 z*2 + 13 z - 987

100000 z*3 - 199000 z*2 + 100013 z - 987

Sample time: 0.0001 seconds
Discrete-time transfer function.

Model Properties

10



Velocity (rad/s)

Velocity (rad/s)

Velocity

and Avg Velocity Cmd Response at 50 Hz
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Accepting minor gain for low phase lag at 5Hz
Position Loop:

Governing Equations
Open Loop:

Bniz) — [Kpp Tz
E}-:rr{i} z—1

Closed Loop:

Ol z) _ {Kpp Ts)z
O'niz) (KpTs+1)z-1

Characteristic Equation:

t+ KpTiz—1

General Approach to Tuning Position Loop

Initially, solve CE for K_pp at 5Hz.

Sweep K_pp across bode plots to identify gain and phase margins. Iterate and manually

select K_pp.

Tuning
Initial Solve of K_pp from CE
sol Kpp_eq =

2xTfy,
e _

T

l
zdp=
2% el

Where f d = 5Hz
sol_Kpp = 31.4653

12



Sweep K_pp [10%, 2x]

Bode Plot Sweep (Gain) & AEg@aq
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Gain around 29.71 selected for characteristics.

Setting K_pp = 29.9,

Magnitude (dB)

Bode Plot: Magnitude and Phase
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Bode Plot: Magnitude and Phase
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Pole-Zero Plot of Position Outer Loop
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No forced oscillations
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Solve for Gain
K_pp =29.9

Position Response
G _theta =

100299 z - 100000

Sample time: 0.0001 seconds
Discrete-time transfer function.

Model Properties

4 Position and Position Cmd Response at 5 Hz
2 S T T Za T
N . AN

£ A80QQGM

Position (rad)

-0.8

0.4 0.5 06 0.7
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Position and Position Cmd Response at 1 Hz 2 AF0QA R
T > T
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Accepting ~7deg phase lag
Full Motor Loop Response

Governing Equations
Without CFF:

Open Loop:

Opalz) _ (Kpp Kiot T) 2 + (Kpp Kiox T = Kip Kion T5 80) 2 + (= Kpp Kia T3 66) 2
Openl(2) (K =32+ — K8 22 + (K — 1) 2+ Kin 5

Closed Loop:

17



Opnlz) _ (—Kpp K T5) 2 + (Kipp Kica T 8c — Kip Kia T9) 2 + (Kpp Kiat T3 80) 2
Opm(n)  —2 (3 — Kpp Ko Ty — Kia) 7 + (Kioe 8c — Kpp Kuen Ts + Kpp Kiw T8 — 3) 27 + (Koo + Kpp Kiox Te 0+ 1) 2 — Kion O

With CFF:
cff portion =

O poml(2) (KiZ® + (Kot — Kioe 86) 7 — Kion 8c)
2+ (K — 2) 22 + (Kt — Kt 6+ 1) 7 — Koy 62

feedback =

(Opemlz) — O piml2)) (Kpp T5) 2)

z—1

Ku22+(KM—Kuﬁc]Z—Km§f +3: {KP‘PTT}
24 (Ko—2) 2 + (Kot — KO+ 1) 2 — K8 72— 1

z—1

BM(Z} = ( ) atm{z} —

Closed Loop:

Opem(z) (—Kpp 7o) 2* + (2 Ko Ty — Kuox — Ko Kion Ts) 2° 4+ (Kiow B — K T — K Kuoe T + K Kuon T ) 2 + (Keox + K Kion T 86) 7 — Kien O
O () (—Kpp To— D2 4+ (2 Kpp T — Kiow — Kpp Kot Ts + 3) 2 4 (Kuo 8 — Kpp Ty — Kpp Kiow T + Kpp Kuot T 8 — 3) 22 + (Kiow + Kpp K Ty e 4+ 1) 2 — Kiw 8

18



Without CFF

1 Position and Position Cmd Response at 1 Hz
D /AN [ I T
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Position and Position Cmd Response at 1 Hz
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Controller drops off to 3dB at 5Hz:

Position (rad)

Position and Position Cmd Response at 5 Hz £, A0 n
I 4 I
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Position and Position Cm§ Response at 5 Hz
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Controller significantly attenuated and ~180 deg lag at +50Hz

Position and Position Cmd Response at 55 Hz
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With CFF

15 Position and Position Cmd Response at 1 Hz
E I T T
1= N\ \ A\ ™\ 7
05— m
=)
£
c
8
=
o
o
0 -
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4 1 > | | | | |
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12 Position and Position Cmd Response at 1 Hz 2, BEME QA i}
: T T

Position (rad)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
Time (s)
Controller response is acceptable at 5Hz:
15 Position and Position fmd Response at 5 I-:z 2 AFMQQR
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12 Position and Position Cmd R at 5 Hz

‘ ‘ ; £ AE0RQ /M

Step ©,,/0;,

Position (rad)

02 | | | | I |
0 0.01 0.02 0.03 0.04 0.05 0.06
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Velocity gain evident in this region of response (30Hz):

15 Position and Position Cmd Response at 30 Hz
: I
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12 Position and Position Cmd Response at 30 Hz
- T T T T

0.8

Position (rad)
o
o

0.4

0.2

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Time (s)
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Controller avg velocity compensates for attenuation at 50Hz, only lag evident:

5 Position and Position Cmd Response at 55 Hz 2, AEMQQ @y
: I 1 I I
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s I I | | | I
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Position and Position Cmd Response at 55 Hz
T =

0.9

0.8 —

0.7

06 —

05

Position (rad)

04—

0.2

0.1

Appendix (Values):

Time (s) 102

Variable Value Solved?

K pp 29.9 Iteratively

K pv 0.0079 From [K tot, delta c]
K iv 1.04 From [K tot, delta c]
K tot 0.01 Iteratively

delta ¢ 0.987 Iteratively
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