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3. SISO Loop Shaping

3.1 Computer Controlled System

3.2 Modeling [SPO5, Sec. 3.7, 1.4, 1.5]

3.3 Example [SPO5, Sec. 2.6, 5.6, 5.7, 5.9]

Reference:

[SPO5] S. Skogestad and I. Postlethwaite, adl
Multivariable Feedback Control; Analysis and Design, §
Second Edition, Wiley, 2005. '
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SISO Loop Shaping d
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SISO Loop Shaping [SP05, pp. 41, 42, 343]
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Computer Controlled System
In the textbook d
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[AMO8] K.J. Astrom and R.M. Murray, Feedback Systems, Princeton University Press, 2008.



Computer Controlled System @’iaz
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Sensor: Gyroscope ‘e

Oé

Kinematics

|

yi| | 1 a||w Interaction
y2| |—a 1] |wo (Coupling)

(Sensor measurement are poorly aligned.)

Frequency Response

oas } I T— Resolution

-IidB | — — S1s — 5.3 x 10~ rad/s — 0,03 deg/s
E _ Measurable Range

§ 0 Frequency 90-15:0rad/s> vi € 1=y Ly,

(15-25Hz) Y = 0.26 rad /s = 15 deg/s 7



Actuator: Reaction Wheel 9

Block diagrams _
Disturbance torques

Actuator Torque l(0.00le)
| | / u
— K > : L »O I » 71 >
; —1 |1 Nm]
. Gain Saturation | (max. 0.2Nm) Scaling
"""""""""""""""""""""" (noise 0.009Nm)
Torgue-momentum limitations Frequency response
A A
0.9 [I\:Im] | 0dB -
TN Angular ~ -3dB -[< .
range momentum 3 bandwidth
H H > it
\ [Nme] S 0 Frequency 90-450rad/s
(15-75Hz) 8




Controller: Computer

Onboard computer loaded in 1989:
80386/80387 RISC processor (Intel, Loral RAD-6000 32bit)

Control law
LQG (Processing Time)  94-184 ms (5-10Hz)

cf. [HOKN11, Table 2] ETS-VIII (launched by 2006)
Processing time and memory requirement of each control law

Control law Order of Controller Processing Time  Required memory

Gain Scheduling 14 1.40 ms (714 Hz) 4140 byte
( -synthesis 27 2.28 ms (438 Hz) 7948 Dbyte
DVDFB -- 3.20 ms (312 Hz) 14780 byte

[HOKN11] Y. Hamada, T. Ohtani, T. Kida and T. Nagashio. Synthesis of a linearly
interpolated gain scheduling controller for large flexible spacecraft ETS-VIII,
Control Engineering Practice, 19(6) 611-625, 2011.



Computer Controlled System 2
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Computer-controlled System
In the textbook d l
"+ u T+ Y |dealized
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[AMO8] K.J. Astrom and R.M. Murray, Feedback Systems, Princeton University Press, 2008.



Modeling

STEP 1.
Real Physical System

(=24) antenn@

STEP 2. o T
Ideal Physical Model
Conceptual/Schematic model

(K=1E - =1E)

STEP 3.
ldeal Mathematical Model

|dealization (¥2#81t)

STEP 4.
Reduced Mathematical Model

Linearization (#£#21t)
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STEP 2. Ideal Physical Model
Conceptual/Schematic model

(H=1E - B =1E)

| g antenna Objective
(Yaw@w& 13 The angular velocity (w1, w2)
> 7= 1.05m control o_f a_satellite spin_ning
e eyl about principal (yaw) axis
A - 7
h = 3.2m S—r, Attitude Control Type:
| 3wz L2 Spin-stabilization
i e Jr 2 - (Pitch) e -
U i on the principle (yaw) axis
orbit ~ LG 2
Wi, Tl
(Roll) w; : angular velocity
Cylindrical Shape I - torque input
I; :Inertia

13



STEP 3. Ideal Mathematical Model Idealization

(Yaw)

(FE1E)

Assumptions

The satellite is regarded as a rigid body
The satellite is symmetric about
yaw axis

I = I, = 1.04 x10® kgm”
Is = 0.15x 103 kgm?
Dynamics Euler’s Moment Equation
I wot+wx(T -w)=T
( IldJl — wgwg(IQ — 13) — T1

Iowo — wswi(Is — 1) =T
Isws =15

A

Nonlinear System

14



STEP 4. Reduced Mathematical Model

L Inearization

(Yaw) (#RF21E)
TR Assumption
D

Control Inputs:
Scaled torque

T T,

=, U 1= —

YT T
Measured Outputs:

Angular velocity y1, Y2

« The spin rate about yaw axis Is constant
w3 = 100 rpm = 10.46 rad/s (Constant)

State Space Representation
)= [ o) ]+ [

| Wo —a 0| | ws U9

_yl o 1 CL_ w1

_y2 o —a 1_ W9

Linear System, No State Feedback

Structural Mode

I, — 1
=2 s~ 10 rad/s
I 15

a




J

Spinning Satel
[Yl(s)] | e )
| —a(s s—a?
YZ(S) 82(—|—;|L_21) 82+CL2
L i
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P(s)=C(sI —A)™'B+D

Transfer Function Matrix

_ [ Pu(s)  Pra(s)
P(S) o _P21(S) PQQ(S)
- s—100 10s+10
_ 21100 24100
= | *10:00 %2100
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Poles: s = £10y

|

|

Ite: Plant Model [SPO5, p. 98]
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System and Model

Real Physical
System

Observation» J/\/

Ideal Physical dealivati
Model ea gatlon Uncertainty

[ Iogl ] Simplification (Next Class)

Math Model
Analysis »/v

17




System Stabilization and Performance - T
N LA
Unstable Plant [SPO5 Sec 5.9] - LN We
. Real RHP Poles: 2p < w. IS 71 0N
W T ERT N
« Imaginary Poles: 1.15|p| < w. wpl 11N

« Complex RHP Poles: X K

0.67(x + /422 + 3y2) < w, 03 /\\//'\

Stable Plant 0.1
- 0 |
First-order System Second-order System
K K >0 B Kwi wy, >0

: . B - . : __ m/24arcsin ¢
Risetime T, = (In9)T ~ 2.2T  Risetime T, = /1

[QZ07] L. Qiu and K. Zhou (2007) Introduction to Feedback Control, Prentice Hall. 18



Performance Specification Uncertainty

wp(s) Gain Crossover (Next Class)
10 115 115 Frequency 48 50 50

| | | | i -1 — w
wa a 1.15|p| wp We 1 1 2 w, [rads]
Performance (Previous Class) T 0 2 wuy(s)

B Structural Mode: a = 10 rad/s B Time Delay: 6 < 0.02s
B Imaginary Poles: we < 1/60 = 50 rad/s

p==+aj=+10J B Unstable Zero: z = a® = 100
we > 1.15|p| = 11.5 rad/s we < z/2 = 50 rad/s

B Disturbance Noise: wg < w,

e B Phase Lag of Plant: w, > w..
Phase Stabilization

B Uncertainty Weight (See 4th lecture)
B Performance Weight (See 2nd lecture) ;< 1/7 = 48radls war(s)

We > wp = 11.5 rad/s wp(s) 19



Spinning Satellite: SISO Plant Model

Im
s — 100 A
Plant Py(s) = —
S$“ + 100 10]' X
Poles: s = £107 (on the imaginary axis) O o
. \V
Vibratory System 100 Re
Zero: s = 100 (unstable zero) —107 K
Non-minimum Phase System
Frequency Response (Bode Plot) Step Response
p— =1. 0.1
40— a : 10rad/S(1 6HZ) ‘ ib PS(S) J >
AL o R 1 L B B EtS) S & Sa S I S S Eth 0
S 0 rans Tends 0.15 0 ; _
——
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Spinning Satellite: SISO Controller Design (Z-N tuning)
Inverse response 0.1 r © LY Lp Yy
process 0 —(I)_ _?? " Ls (5) T g

- K=099  «»  K=1

stable§ =\ Uunstable

1% 5 10 15 20 128 5 10 15 20 -2000,
Time t [s] Time t [s] Time t [s]

Ziegler-Nichols tuning [SPO05, p. 29]
K,=1 K, :Maximum (ultimate) P controller gain
P,= ? P, :corresponding period of oscillations

This system has one right half-plane zero and two undamped complex poles.
The process is difficult to control. ... None of the standard methods for tuning
PID controllers work well for this system.

[AHO6] Karl J. Astrom and Tore Hagglund (2006) Advanced PID Control, ISA.
EZTHNIEH HEHIEHERS, éﬂﬂ‘]@ﬁ%‘ﬁé‘—ﬁbtﬁ;‘i’éﬁ&ﬁL,T:é:(iéiﬁbgl
[AR#183] A+F: O/ NR NI, FHBI&HIE, 22(1) 50/52, 1983




Spinning Satellite: SISO Controller Design

o B (L BR BRI CHB T DI —TER O F A LTS EEICE DPIDHH
Z2ARMDAEITL TULVZ[ARF89]

4\ PID tuning command: pidtune

, 1.34
KP4(s) = —0.86 — — —0.135s
S
" Bode diagram Step responses
_22) 0" 10° “1‘(‘)1 102 10° *fif
o
@
— >
% ks
T, >
o 2
@ - <
o
Frequency [rad/s] 0 0-5 1 Tin1*|r.a5[s] 2 2:5 3

GM = 16.8dB wp. = 462rad/s —— Nominal Plant Model
PM = 60deg w. = 20.0rad/s —— Perturbed Plant Model

COMEEFRLTERRMGELDTIFGL, SHALRZIEENDOT LD THARL YL



Spinning Satellite: SISO Controller Design o5
(See 6th lecture) 11 ~a

4\ H, Controller
—542.44(s* + 0.00068645s + 99.99)

K?(s) = (Reduced Order 3)
- (8) (s + 0.115)(s2 + 134.95 + 4558)
Bode diagram Step responses
ol LI T o [ B B —
m e | | | | |
S 0 s _ 012t
£20) b NG C
O 40 -t ehr b ------------------------- 8
TS 10° |1lo§ 10° 10° ‘g 0-
40 Rt % 0
2 90 — So.
S138 o 3
? 525 S < 0.
£ -270
e SRR S e
10 10° 10" 102 103
Frequency [rad/s]
GM = 13.7dB  Wpe = 44.1rad/s —— Nominal Plant Model

PM = 64.4deg w. = 11.6rad/s —— Perturbed Plant Model
23



Spinning Satellite: SISO Controller Design

4\ [ Controller (See 6th lecture)
—28210(s? + 100)

o0
K(8) = (57807 3)(s 7 160.7)(s + 0.1136) \oaueed Order 3)
Bode diagram Step responses
I T O A RN I RIS O
R
%0.08 e
Foouf-oobooodooboodo b
ol ]
0.5 'Il '1.|5 2| 2|.5 3
Frequency [rad/s] Time [s]

GM = 13.9dB  wpe = 1l4radls —— Nominal Plant Model

PM = 72.2deg w. = 18.7rad/s —— Perturbed Plant Model
24



3. SISO Loop Shaping

3.1 Computer Controlled System

3.2 Modeling [SPO5, Sec. 3.7, 1.4, 1.5]

3.3 Example [SPO5, Sec. 2.6, 5.6, 5.7, 5.9]

Reference:

[SPO5] S. Skogestad and I. Postlethwaite, adl
Multivariable Feedback Control; Analysis and Design, §
Second Edition, Wiley, 2005. '

Multivariable -




4. Robustness and Uncertainty

4.1 Why Robustness?
4.2 Representing Uncertainty [SPO05, Sec. 7.2, 7.3, 7.4]

4.3 Uncertain Systems SPO5, Sec. 8.1, 8.2, 8.3]

4.4 Systems with Structured Uncertainty
[SPO5, Sec. 8.2]

Reference:

[SPO5] S. Skogestad and I. Postlethwaite,
Multivariable Feedback Control; Analysis and Design, f& :
Second Edition, Wiley, 2005.

M u'ﬂva ﬂabk'




Scaling [SPO5, pp. 5-7] “ l
Amplitude Scaling z' = S,z , x; € [-1,1] Normalization
A method for accomplishing the best scaling for a complex system is first to

estimate the maximum values for each system variable and then to scale the
system so that each variable varies between -1 and 1

Ex. P = D_1]5D

a D _ dlag(Amax ’\ma,X) D — dlag( Amax’@énax) )
u—u/umax, € |- 11],7,:1,2
yi = Ui/U5 | yi € [— 11],7;:1,2
Splnnmg Satellite umax =1x10"* N/kgm 9" =0.26 rad/s

Time Scaling 7 = wot

Ex. ¢t :measured inseconds 7 :measured in milliseconds
wo = 1000 : scaling coefficient

Ey dx dx de . d’z 5 dx

. L= = = Wy — T = —— —
dt  d(7/wp) dr - dt? w0 dr?

[FPNO9] G.F. Franklin, J.D. Powell and A. E.-Naeini (2009) Feedback Control of Dynamic 27

Systems, Sixth Edition, Prentice Hall.




Process Noise Model '8

. l W, 2
Disturbance
Wy l (for velocity, acceleration variables) Gy
” »O_I_ ,| Process Y Y — Process ,(l;r > Y
+ T | P(s) | w T | P(s) |w+
= A(xr + wy) + Bu = Az + Bu + Ajwy
y = Cx + Du + w, y=Czx+ Du+ w,

Process Noise Model Gy(s) = C(sI — A)~ Ay

Process Noise

It is assumed that the measurement noise inputs w,, and disturbance signals
(process noise) w, are stochastic with known statistical properties. These
noises are usually assumed to be uncorrelated zero-mean Gaussian stochastic
processes with constant power spectral density matrices |/ and 1/ respectively.

FElwg®)wg®)TY = Wo(t — 1) Efwa(t)w, ()T} = 0
E{w,(t)wn(t)"} =Vt —7)  E{wn(t)wa(t)"} =0 28



8
Sensors .

Primal-sensor: Gyroscope
These sensors are based on the gyroscopic stiffness of revolving moments of inertia

Single-Axis Gyroscope Rate gyro(RG)
Assumption: “Synchro”, “Torque”: small Analogous to
AB Aw, a mechanical spring restraint
y | — -
{ Awy } { (T2 +Ty) /1, ] Ty = ko, A0y
. H,
Torques T, = H,.Aw, Aw, =0 = Af, = — b Aw,

_Ty = ko, Ay + ko, Awy Rate-integrating gyro(RIG)
H,. : Spin-rotor Angular momentum Analogous to
Medium-accuracy RIG a mechanical damper restraint
Assumption Ty = ky, Awy
The sensor measurements are poorly aligned Awy —0

with the axis of rotation being measured H,
= Aw, = — Aw,
ko,
Sub-sensors Earth sensor, sun sensor = A0, = —ky, A0,

[S197] M.J. Sidi (1997) Spacecraft Dynamics and Control: A Practical Engineering

Approach, Cambridge University Press. 29



Actuators
Primal Actuator: Reaction Wheel

Four reaction wheels [Si97, pp. 167-172]

A Fourth RWA(reaction wheel assembly) is Torgue-momentum limitations
Installed in order to increase the reliability Torque [Nm]4 Power [W]

the entire control system. - i 80W
Kinematics [ 73 10-1 07 |,
Ia =010 -1 Tf ................................ >
Ts 111 1 TZ4 10 Nms [Nms]
Angular momentum commands

ATy = AhyoK;, j=1,2,3,4

w1 (0)
Ah,(s) = - Nms
w(9) s+ 4K/I, [Nms]
Disturbance torques Solar pressure torque, Gravity-gradient torque
Aerodynamic torque, Magnetic-field torque
Sub-actuator: Thruster Switching time: 20-40ms (25-50Hz)

[FPNO9] G.F. Franklin et al.(2009) Feedback Control of Dynamic Systems, 6th Ed., Prentice Hall.
[S197] M.J. Sidi (1997) Spacecraft Dynamics and Control, Cambridge University Press. 30




Performance Specification

B System Bandwidth: f. = 5Hz
B Sampling Time 6 [s]
1
w7, <" < 10
0.005 < 6 < 0.02

Time Delay Variation
0 <6< 0.02s

B Uncertain Gain

caused by process noise and
Sensor measurements

08 <k< 12
(20% variation, GM > 2dB)

[Lel0]

[Lel0] W.S. Levine (Eds.) (2010) The Control

Handbook, Second Edition: Control System
Fundamentals, Second Edition, CRC Press.

B Other requirements:

Phase margin PM > 30deg

[A direct safeguard against time ]
delay uncertainty

Gainmargin - GM > 2 (=6dB)

{ A direct safeguard against steady- }
state gain uncertainty/error

Maximum peak gain of 7" :
Mr £ 1.25(=2dB)

Maximum peak gain of S :
Ms < 2(=6dB)

31



Characteristics of Rotational Motion of a Spinning Body @
A Principal Axis of Inertia

M = 130kg ~ 1100kg
r=0./m-~ 1.1m
h = 1.5m ~ 3.2m

(2 = 90rpm or 100rpm

1

7 T M(3r2 +hr?) Mh%? MOIR: moment of inertiaratio o = 1_3

L=z 12 4 Nutationangle a=1-—-o¢ !
Iy = ler-Q Precession angle g

Spin angle vy (Q=%) 32



Rigid Body Attitude Configurations

Attitude Representations Global? Unique?
Euler angles X X
Rodrigues parameters X X
Modified Rodrigues parameters X X
Quaternions, O X
Axis-angle O X
Rotation matrix O O

Rotation matrix R € SO(3) The set of all rotation matrices
SO(3) Special orthogonal group of rigid rotations in R3

_ _ . 0 —W3 W2
Kinematics R = Rsk(w) sk(w) =] w3 0 —w
i —Wr W 0 i

w € R? The angular velocity of the body relative to the reference frame
Dynamics I -w+w X (I-w)=T (Euler’s moment equations)

[CSC11] N.A. Chaturvedi, A.K. Sanyal and N.H. McClamroch. Rigid-body Attitude 33
Control, IEEE Control Systems Magazine, 31(3) 30-51, 2011.



Design Relations

Maximum Peak Magnitude of T’
1

= 2sin(PM/2)
Phase Margin

M

PM — tan™! %
Vgt - 2¢2] |

~ 100¢ (< 70°)
Bandwidth
We < wpr < 2w,

wer = WwWe If PM = 90°
wpr = 2we if PM < 45°
0 < wp < we

Wp = We it PM =90°

[FPNO9] G.F. Franklin, J.D. Powell and A. E.-
Systems, Sixth Edition, Prentice Hall.

Complementary T PK .
i Sensitivity T 14+ PK
: (8]
10 Mp < 1.25
Myp|-—————A TG
P J[dB]f———————
: ~10 x\
: \\\

0%y [rad/s] Wer 10

M : Maximum Peak Magnitude of T°
My = max |T(jw)|< 1.25 (2 dB)

Wy : Bandwidth Frequency of T’

T(jwsr)| = 5 (=3 dB)

Naeini (2009) Feedback Control of Dynamic 34



Step response analysis/Performance criteria @

Rise time T, x K
Settling time TS O% B e e
Peak time 1, | ; K >0
Overshoot M, g 1
Error tolerance A 05 i
First-order System Second-order System
K Kw?, wp, >0
Gi(s) = T >0 — n n
1(8) I's +1 Gz(s) s2 + 2Cwps +w2 ¢ =0
Rise time - s 7 /24arcsin
T, = (In9)T ~ 2.2T Rise time 1. = on/1-C
Settling time Settling time
- [3T i A=5% 7§ 3/Cwn if A=5%
STV AT if A = 2% ® 4/Cw, if A=2%
Overshoot Overshoot M, = Ke ¢™/V1-¢*
M, =0 Peak Time T, = m/(wp\/1 — ¢?)

[QZ07] L. Qiu and K. Zhou (2007) Introduction to Feedback Control, Prentice Hall. 35



Controllability analysis with SISO feedback control . :“I
[SPO5, pp. 206-209] —=
M, Margin to stay within constraints |u| < 1

Mo Margin for performance |e| < 1
M3 Margin because of RHP-pole p
2p < We
M, Margin because of RHP-zero z
We < 2/2
Mz Margin because of frequency wy,
where plant has —18(0° phase lag
We < Wy
Mg Margin because of delay ¢
We < 1/60
Typically, the closed-loop bandwidth of the spacecraft is an order of magnitude
less than the lowest mode frequency, and as long as the controller does not excite
any of the flexible modes, the sampling period may be selected solely based on

the closed-loop bandwidth.

[Le10] W.S. Levine (Eds.) (2010) The Control Handbook, Second Edition: Control System 36
Fundamentals, Second Edition, CRC Press.



Spinning Satellite: Try SISO Controller Design @3
Internal Model Controller(IMC) design [SP05, p. 55, Ex. 2.13]

1—46 _ _
Plant: P(s) = k— i k=-1 60=0.01
7‘082—|—27'C3—|—1 70=01 (=0
1282 + 219(s + 1 100 S
PID: K(s) = - 0 ~
kOs S 0.001s + 1
Bode diagram Step responses
60 . : | ‘
T L( ) P(S) ( ) y(t)
c ~—— Y R T P FOY [ RO 1 T T Y [ T Y [ T PO T [N | AT T T
82 TS z Rl
0 - g W
10" 10° 10’ 10° 10° go's — (.
T 45 5
S -90 - 2
@135 = o ~ 05
£-180 —
o 225 : | : : : |
_27100'1 10° 10" 102 00 o 05 1 15 2 25 3 35 4
Frequency [rad/s] Time [s]

GM = 0dB wpc =0 PM = Odeg c"-ch — OO
cf. Skogestad’s Internal Model Controller(SIMC) [SPO05, p. 57] 37



Spinning Satellite: Try SISO Controller Design

4\ 1. Controller (Reduced Order 6)
—377.83(s + 5160) (s + 0.11545s + 98.39)(s% + 73.21s + 1702)
(s +702.9)(s + 0.115)(s2 + 70.57s + 1855)(s2 + 235.25 + 17040)

K¢(s) =

0.2

Bode diagram Step responses

o
—
(&)

o
—

0.05

Angular Velocity [rad/s]

Phase [deg]

bobotofy als

D2NNOWO S
eld el leldlels el

0 0.5 1 1.5 2 25 3
Time [s]

10° 102 10°
Frequency [rad/s]

GM = 11.9dB —— Nominal Plant Model
PM = 71.1deg —— Perturbed Plant Model

Wpe = 67.4rad/s
wge = 15.7rad/s 38

-_—
o
N
o S i uy fupriuge  Saua|
O___________
o



Spinning Satellite: Evaluate SISO Controller Design %B
¢\ PID compensator Gang of Four [AMOS8, p. 317]
Sensitivity S(s) Complementary SenS|t|V|ty T(s)

R U S TR T 5

. Mg =118 MT:120
B0 LUb — L -
IR 15, 2rad/s 27 6rad/s
o 10° 10" 102 103 _2100'1 100 10" 102 TS

Frequency [rad/s] Frequency [rad/s]

Load Sensitivity PS(s) Noise Sensitivity K S(s)

N -

o o
T

N

o

Magnitude [deg]
1 (_I;,) U 1
o
Magnitude [deg]
(=]

40 20|

50 - 40 -

-60 R W R [ T N .80 L | L I L L i
107" 10° 10" 102 10° 107" 10° 10" 102 10°

Frequency [rad/s] Frequency [rad/s] 3 9

[AMO08] K.J. Astrom and R.M. Murray, Feedback Systems, Princeton University Press, 2008



Spinning Satellite: Evaluate SISO Controller Design
é\ H- -controller Gang of Four [AM08, p. 317]

Sensitivity S(s) . _4

Magnitude [dB]
RN R \CRN R
o o 9 o o

-40
107"

Load Sensitivity PS(s)
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)
(5
é\ H.. -controller Gang of Four [AM08, p. 317]
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Spinning Satellite: Evaluate SISO Controller Design %16
#\ 1 -synthesis  Gang of Four [AMOS, p. 317]
Sensitivity S(s) Mg =1.44
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1. Diagonal Controller (decentralized control) 99
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1. Diagonal Controller (decentralized control) @
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