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Dynamics and Motion control

Lecture 3

Feedback control 
-continuous time design

Bengt Eriksson
KTH, Machine Design

Mechatronics Lab
e-mail: benke@md.kth.se
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Lecture outline

• 1. Introduction

• 2. Model based Control: a motivating example

• 3. Pole placement design

• 4. Discrete time approximation of the continuous time control

• 5. Example, a PD position controller

• 7. Cascaded motion control architecture

• 8. Antiwindup  
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3.1. Feedback control properties 
• The main principle in control engineering

FF

FB

• Typically model based (but not required to be)

• Produces control signals after an error has 
occurred

• Disturbance rejection is achieved

• Effect of process parameter variations is reduced

• Leads to a closed loop

• May lead to instability if designed incorrectly

• Sensor noise may be amplified and deteriorate performance
Mechatronics LabKTH MMK
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3.1.1 Feed forward control

ProcessFeed forward
control

Reference signal Output

FB

 properties

• Produces control signals prior to that an error has occurred

• Uses carefully designed reference signals to make the process follow 
the references “exactly”
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3.1.2 The servo vs. regulator problem
• The regulator problem:      ->   FEEDBACK

Find a feedback controller that satisfies the specifications on 
-sensor noise, disturbance rejection and robustness to model and parameter 
uncertainties

• The servo problem:           ->    FEED FORWARD
Find a feed forward controller that tracks the references according to 
specifications (a feedback must already exist)
-Steady state accuracy, overshoot, tracking error, settling time 
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3.1.3 Error vs. output feedback 
•

r u y yur
Gc

Gc

GffGp Gp

Error feedback Output feedback

u = control or input signal, y = output or measured signal, r = reference or command signal

More design freedom with Output feedback, also called 2DOF control 

• Example PD-control
If,  Gc s( ) Gff s( ) P Ds+= = , then both structures are equal

Example. If we don’t want derivative action on the reference signal we should 
instead choose Gff s( ) P=  and Gc s( ) P Ds+= .  
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3.1.4 

r u y
Gc Gp

n

v

r u y

Gc

Gp

v

Gff

y
GpGc

1 GpGc+
-----------------------r

Gp
1 GpGc+
-----------------------v

GpGc
1 GpGc+
-----------------------n–+= y

GpGff
1 GpGc+
-----------------------r

Gp
1 GpGc+
-----------------------v

GpGc
1 GpGc+
-----------------------n–+=

n

Load disturbance, v(s)
Sensor noise, n(s)

Output feedbackError feedback

Noise and disturbance models

• TF from reference, r to output y are different. 
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3.1.5 

r u y

v

y BT
AR BS+
---------------------r BR

AR BS+
---------------------v BS

AR BS+
---------------------n–+=

n
B
A
---

S
R
---

T
R
---

Set:    

       

      

Gp s( ) B s( )
A s( )
-----------=

Gc s( ) S s( )
R s( )
-----------=

Gff s( ) T s( )
R s( )
-----------=

u s( ) T
R
---r S

R
---y–=

Control law

Closed loop respones

Output feedback

For error feedback is, T S=

Polynomial models
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3.2. Lecture outline
• 1. Introduction

• 2. Model based Control, a motivating example

• 3. Pole placement design

• 4. Discrete time approximation of the continuous time control

• 5. Example, a PD position controller

• 6. Example, a PD position controller

• 7. Cascaded motion control architecture
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3.2.1 Motivating exampl
• Model based T.F control design

: rotor inertia
: torque constant 

 : friction coefficient
: rotor current
: angular position

J 0.08=
km 3.6=

d 0.45=
i
ϕ

DC-motor model from lec. 2     Jϕ·· kmi dϕ·–=

set y ϕ=  and u i=    s.t.      Gp s( ) y s( )
u s( )
----------

km

Js2 ds+
--------------------= =

1.) Start simple, try position feedback u P r y–( )=  
2.) Calculate c.l. poles 

with: Gp s( ) B s( )
A s( )
-----------=   and  Gc s( ) S s( )

R s( )
----------- P

1
---= =  and Gff

T s( )
R s( )
----------- P

1
---= =

 Closed loop poles,      Gyr
BT

AR BS+
---------------------

kmP

Js2 ds Pkm+ +
-------------------------------------= =

  -> 2:nd order poly. -> solve for s1 2,  from  Js2 ds Pkm+ + 0= .
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3.2.2  Root locus
• Plot the c.l. poles as a function of one variable

the variable could be either a control parameter or a process parameter
Here we choose P as the varying variable. Matlab code for the calculations:

m = 0.08; d = 0.45; km = 3.6;
Pvec = 0:.01:1;
for n = 1:length(Pvec), Poles(:,n) = roots([J d Pvec(n)*km]);end
plot(real(Poles(1,:)),imag(Poles(1,:)),'r.',real(Poles(2,:)),imag(Poles(2,:)),'b.')
sgrid
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Normally we don’t want to have a step re-
sponse with an overshoot. A robot arm could 
collide with an object!
Choose fastest poles with ζ 0.8>  -> P 0.27=

which gives ω0 3.49=

Try:
G = tf(km,[J d 0]); rlocus(G,Pvec),P = rlocfind(G)
Mechatronics LabKTH MMK
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3.2.3 Evaluate the closed loop

• Closed loop Gyr
kmP

Js2 ds kmP+ +
--------------------------------------

kmP( ) J⁄

s2 d J⁄( )s kmP( ) J⁄+ +
----------------------------------------------------------

ω0
2

s2 2ζω ω0
2+ +

-----------------------------------= = =

where ω0 3.49=  and ζ 0.806=
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A
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p
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u
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But what if we want a faster step re-
sponse, higher ω0  with the same 
ζ 0.8>  ??
Try position and velocity feedback!
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3.2.4 Position and velocity feedback

• New control law u P r y–( )– Ddy
dt
------–=   -> Gc s( ) S

R
--- Ds P+

1
-----------------= = ,Gff s( ) T

R
--- P

1
---= =

• How do we choose D?                      Gyr
BT

AR BS+
---------------------

kmP

Js2 d Dkm+( )s kmP+ +
------------------------------------------------------------= =

a root locus can not be done on both P 
and D at the same time
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D=1.5
D=0.5

 lets try multiple 
root locuses on P with D ={0.5 1.0 1.5}; 

With D 1.5=  we can choose 
ω0 ζ,( ) 15 0.82,[ ]=  which is 5 times fast-

er than without velocity feedback with 
the same ζ .
Is there a way to get any desired speed 
ω0 , and damping ζ  ?
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3.2.5 Instead of guessing D  -use Poleplacement 
• Solving for s in the c.l. denominator polynomial with position and 

velocity feedback gives   Acl AR BS+ s2
d kmD+( )

J
-------------------------s

km
J

------P+ + 0= = =

- 2 control parameters and a second order polynomial, that is, we can choose 
any c.l. poles by selecting P & D in a proper way such that.

Acl s( ) Am s( )=

where Am  is the desired closed loop polynomial e.g. Am s2 2ζmωms ωm
2+ += .

This gives

d kmD+( )

J
------------------------- 2ζωm
km
J

------P ωm
2

=

=

    ->     D
d– 2ζωmJ+
km

-------------------------------

P
ωm

2 J
km

-----------

=

=

       Use solve in Maple
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3.2.6 Maple
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3.3. Lecture outline
• 1. Introduction

• 2. Model based Control, a motivating example

• 3. Pole placement design

• 4. Discrete time approximation of the continuous time control

• 5. Example, a PD position controller

• 6. Example, a PD position controller

• 7. Cascaded motion control architecture
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3.3.1 Poleplacement  with s.s. models

Model: x· Ax Bu+= , where x x1 x2 … xn, , ,[ ]T= .  

Control law: u Lx– w+= , where L l1 l2 … ln, , ,[ ]=  

Closed loop:  x· Ax Bu+ Ax BLx– Bw+ A BL–( )x Bw+= = =

The poles of the c.l. are totally defined by L, eigenvalues of the matrix, A BL–( )

L is easiest found numerically in Matlab using the ’acker’ command.

Advantage, easy to calculate L for for any model, also high order.
Mechatronics LabKTH MMK
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3.3.2 If  the state vector is not measurable 
The state vector x must be available from measurements or from designing a 
state observer.

x
·

A x Bu K y C x–( )+ + A KC–( ) x Bu Ky+ += =) ) ) ) , design K in the same way as L. 

State observer

Controlled
system

yr
State feedback controller

-L

L0

Closed loop system

w
u

x̂
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3.3.3 Numeric solution in Matlab

 Calculate the state space model of the DC-motor, choose x1 ϕ= x2, ϕ·=

which gives  A 0 1
0 d– J⁄

=  , B 0
km J⁄

=  and C 1 0= .

A = [0 1;0 -d/J]; B = [0;km/J]; C = [1 0]; D = 0; Gss = ss(A,B,C,D);
w0 = 20; zeta = 0.8;
poles = roots([1 2*zeta*w0 w0^2])
poles =
 -16.0000 +12.0000i
 -16.0000 -12.0000i
L = acker(Gss.a,Gss.b,poles)      % OBS L(1) =  P,  and L(2) = D
L =
    8.8889    0.5861
damp(A-B*L)
        Eigenvalue            Damping     Freq. (rad/s)  
                                                         
 -1.60e+001 + 1.20e+001i     8.00e-001      2.00e+001    
 -1.60e+001 - 1.20e+001i     8.00e-001      2.00e+001   
Mechatronics LabKTH MMK
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3.3.4 Poleplacement with T.F. models 

1.) Select control structure, S s( )
R s( )
----------- .        

r u y

v

n
B
A
---

S
R
---

T
R
---

2.) Calculate the c.l. polynomilal 
Acl s( ) AR BS+=  (characteristic equation).

3.) Select a desired c.l. polynomial, 
Ad s( ) Am s( )Ao s( )=  where deg Ad( ) deg Acl( )=

and  deg Am( ) deg A( )= , which gives deg Ao( ) deg Ad( ) deg Am( )–= . 

4.) Solve for the parameters in R s( )  and S s( )  in the so called Diophantine eq. 
Acl s( ) Am s( )Ao s( )= .

5.) Set the f.f. polynomial to T s( ) t0Ao s( )=  where t0  is a static gain that gives unit 

dc-gain in the c.l. T.F. from uc  to y .
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3.3.5 Calculate the feedforward part T(s)

Gyr s( ) BT
AR BS+
--------------------- BT

Acl
--------

Bt0Ao
AmAo
---------------

Bt0
Am
--------= = = =

, chose t0  such that,  
1
t0
---- B s( )

Am s( )
---------------

s 0=

B 0( )
Am 0( )
---------------= = .

r u yB
A
---

S
R
---

T
R
---

 

i.) the order of Gyuc s( )  is the same as Am s( )  
and thereby also the order of the process 
A s( ) , (see last slide).

ii.) The dc gain is one, Gyuc 0( ) 1= .
Mechatronics LabKTH MMK
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3.3.6 Example

Gp s( )
km

Js2 ds+
-------------------- 3.6

0.1s2 0.45s+
-------------------------------- 36

s2 4.5s+
---------------------= = =

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1
Step Response

Time (sec)

A
m

pl
itu

de

: rotor inertia
: torque constant 

 : friction coefficient

J 0.1=
km 3.6=

d 0.45=

PD-control with l.p. filter structure 
S s( )
R s( )
-----------

s1s s0+
s r0+

-------------------=

Acl AR BS+ s3 s2 4.5 r0+( ) s 4.5r0 36s1+( ) 36s0+ + += =C.l polynomial 

Ad AmAo s2 2ζωs ω2+ +( ) s α+( )= =

ω 10 ζ, 0.9 α, 10= = =

Select desired C.l polynomial 

From some specifications we want:

Rise time should be less than 0.5 s.
 

1.)

2.)

3.)

One possible selection of the
c.l. poles is

, position control
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4.) Diophantine equation Acl Ad=

s3 s2 4.5 r0+( ) s 4.5r0 36s1+( ) 36s0+ + + s3 s2 α 2ζω+( ) s 2ζωα ω2+( ) ω2α+ + +=

4.5 r0+ 28
4.5r0 36s1+ 280
36s0 1000

=
=

=

gives:

r0 23.5
s0 27.8
s1 4.8

=
=
=

Check! roots of :
AR BS+ 0=

S
R
--- 4.8s 27.8+

s 23.5+
---------------------------=

Cont.
Mechatronics LabKTH MMK
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5.)

Feed forward part T s( ) Aot0=

T.F from reference to output Gyr s( ) BT
AR BS+
---------------------

Bt0
Am
--------

36t0

s2 28s 100+ +
-----------------------------------= = =

t0
100
36
---------=calculate

gives Gyr s( ) 100

s2 28s 100+ +
-----------------------------------=

and T s( ) 2.8s 28+=

with the control law u s( ) T
R
---r S

R
---y– 2.8s 28+

s 23.5+
----------------------r 4.8s 27.8+

s 23.5+
---------------------------y–= =
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3.3.7  The choice of S&R 
• Normally we need the order of R s( )  to be at least the same as for S s( ) . 

This gives a proper t.f. Gc s( ) S
R
---= .  (the order of the numerator is not higher than that of the 

denominator). 

• PD type controllers can however be used. (derivation of position to velocity)

• A time delay of at least one sample will be introduced if the order of R s( )  
is higher then S s( ) .

• A good choice is thereby to have the same order of S s( )  and R s( ) , and 
if the order of S s( )  is one less than A s( )  then complete control in terms 
of poles and their c.l. locations is possible. 

• Which order is then good to use? -depends on the control problem such 
as: Integral control, sensor noise, disturbances etc.
Mechatronics LabKTH MMK
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3.3.8 PI type feedback for velocity control 

 Process: Gp
B
A
--- b

s a+
-----------= = ,   and the Diophantine exp. AR BS+ AmAo=

P-ctrl.   Gc
S
R
---

s0
1
-----= =     Dio.  s a s0+ + s α+=    (Ao 1= )

P-ctrl. with LP-filter. Gc
S
R
---

s0
s r0+
-------------= =   Dio. s2 r0 a+( )s bs0 ar0+( )+ + s α+( ) s β+( )=

PI-ctrl. Gc
S
R
---

s1s s0+
s

-------------------= = , Dio.  s2 a bs1+( )s bs0+ + s α+( ) s β+( )=

PI-ctrl. with LP-filt. 

 Gc
S
R
---

s1s s0+
s s r0+( )
---------------------= = ,  Dio.  s3 a r0+( )s2 bs1 ar0+( )s bs0+ + + s2 2ζωs ω2+ +( ) s α+( )=
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3.3.9 PID type feedback for position control

Process: Gp
B
A
--- b

s a+( )s
-------------------= =  c.l. dynamics AR BS+  and the Diophantine exp.

PD-ctrl.   Gc
S
R
---

s1s s0+
1

-------------------= =     Dio.  s2 bs1 a+( )s bs0+ + s2 2ζωs ω2+ +=

PD-ctrl. with LP-filter. Gc
S
R
---

s1s s0+
s r0+

-------------------= =   

Dio. s3 a r0+( )s2 bs1 ar0+( )s bs0+ + + s2 2ζωs ω2+ +( ) s α+( )=

PID-ctrl. Gc
S
R
---

s2s
2 s1s s0+ +
s

------------------------------------= = , 

Dio.  s3 a bs2+( )s2 bs1s bs0+ + + s2 2ζωs ω2+ +( ) s α+( )=
Mechatronics LabKTH MMK
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PI-ctrl.  Gc
S
R
---

s1s s0+
s

-------------------= = ,  

Dio.  s3 as2 bs1s bs0+ + + s2 2ζωs ω2+ +( ) s α+( )=

(not solvable!  3:rd order Dio. with only two control parameters)

PI-ctrl. with LP-filt. Gc
S
R
---

s1s s0+
s s r0+( )
---------------------= = ,   (observe degR degS> )

Dio.  s3 a r0+( )s2 bs1 ar0+( )s bs0+ + + s2 2ζωs ω2+ +( ) s α+( )=

PID-ctrl. with LP-filt. Gc
S
R
---

s2s
2 s1s s0+ +
s s r0+( )

------------------------------------= =  

Dio. s4 r0 a+( )s3 bs2 ar0+( )s2 bs1s bs0+ + + + s2 2ζ1ω1s ω1
2+ +( ) s2 2ζ2ω2s ω2

2+ +( )=
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3.4. Lecture outline
• 1. Introduction

• 2. Model based Control, a motivating example

• 3. Pole placement design

• 4. Specifications for poleplacement design

• 5. Discrete time approximation of the continuous time control

• 6. Example, a PD position controller

• 7. Cascaded motion control architecture
Mechatronics LabKTH MMK
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3.4.1 Specifications for poleplacement
• Intuitively in time domain, but for design in complex plane.

• Need for translation between planes
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 Rise time: 
time from 5% to 95%  
of reference step.

Settling time: e.g., 2% 
within final value.

Overshoot:

select c.l. poles:  
   even order process:  

   uneven order process:  s ω0+( )

s2 2ζω0s ω0
2+ +( )
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3.4.2 Observe the order of the c.l. system
• The rise time for higer order systems will be slower

ω
s ω+
------------

ω2

s2 2ζωs ω2+ +
--------------------------------------

ω3

s2 2ζωs ω2+ +( ) s ω+( )
-------------------------------------------------------------

ω4

s2 2ζωs ω2+ +( ) s2 2ζωs ω2+ +( )
-------------------------------------------------------------------------------------- 0 0.5 1 1.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ω 10 ζ, 1= = for all models

 (superposition)
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3.4.3 Frequency domain specifications
• Example, gain from sensor noise at 50 Hz to output must be less than ()

10
−1

10
0

10
1

10
2

10
3

10
4

−120

−100

−80

−60

−40

−20

0

20

M
ag

ni
tu

de
 (

dB
)

TF from noise to output

Frequency  (rad/sec)

τ 0=

τ 0.01=

τ 0.1=

• Example of a specification on t.f. from noise to output   
Gyn j50( ) 40db–<
2-01-24 
nke\KTH\undervisning\RIP\4f1907\arbete\Lectures\For2012\L3.fm

Slide: 32(70)

Mechatronics LabKTH MMK



Date: 201
File: C:\be
3.5. Lecture outline
• 1. Introduction

• 2. Model based Control, a motivating example

• 3. Pole placement design

• 4. Specifications for poleplacement design

• 5. Discrete time approximation of the continuous time 
control

• 6. Example, a PD position controller

• 7. Cascaded motion control architecture
Mechatronics LabKTH MMK
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3.5.1 Continuous vs discrete  implementation

Continuous time
processController

u(t) y(t)

Analog control system

t

y(t)

Continuous

Time invariant

Sensor

implementation
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3.5.2 Discrete time control

Continuous time
process

ActuationSampling Controller

Constant sampling frequency

Digital control system

t

y, y(t[n])
Discrete signal
Delayed signal
Time varying

Sampling interval Ts = t[n] - t[n-1]

SensorAntialiasing filter

Synchronized actions

The control signal is typically
constant over the sampling
interval, ZOH.

Ts

Gc(z)
u Tsn( ) u t( ) y t( )y Tsn( )

Analogue components
Mechatronics LabKTH MMK
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3.5.3 Assumptions/consequences

• sampling at constant frequency (constant sampling interval)

• synchronism between sampling and actuation

• zero delay between sampling and actuation (clearly we can not achieve 
this exactly, execution of the control algorithm takes time)

time
sample calculate actuatesample calculate actuate

Ts
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3.5.4 Choice of sampling rates from time domain
• single rate systems 

- high sampling rate is costly 
- the frequency should be set in relation to the fastest dynamics in the 
closed loop characteristics (i.e. bandwidth, rise-time) of the feedback, 
observer or model following. 
- or 4-10 samples per rise time

0 0.05 0.1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Step Response

Time (sec)

A
m

pl
itu

de

0 0.05 0.1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Step Response

Time (sec)

A
m

pl
itu
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3.5.5 Sampling interval selection based on freq.

Gc(z)

Gff(z)

ZOH

Gp(s)

Ga(s)

Sampling

yur

Computer

• The sampling frequency must be faster then the fastest dynamic 
mode in the control system, which could be either:

• in the feedback SR--- , in the feedforward TR---  or in the closed loop AR BS+ . It can 

also be taken from the bandwidth or crossover frequency of the controller.

• If the fastest pole is ωb  then the sampling frequency should be 

ωs 10…30[ ]ωb=  and thereby sampling time Ts
2π
ωs
------=  
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3.5.6 Mapping the s-plane to the z-plane
• Poles

−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

π/T

0.9π/T

0.8π/T

0.7π/T

0.6π/T 0.5π/T 0.4π/T

0.3π/T

0.2π/T

0.1π/T

π/T

0.9π/T

0.8π/T

0.7π/T

0.6π/T 0.5π/T 0.4π/T

0.3π/T

0.2π/T

0.1π/T

im

re

A continuous time pole s a bi+=  
is mapped to a discrete time 
pole by z esTs=  where Ts  is 
the sampling period.  
(From the definition of the z-
transform, lecture 2)

The continuous time stability bor-
der s jω= , ω ∞– ∞,[ ]=  is 

z e
jωTs ωTs( )cos i ωTs( )sin+= =  

which is the unit circle.   
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3.5.7 Approximating the derivative

n n 1+ n 2+n 1– t

y
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3.5.8 Transformation of continuous time design
• Forward difference approximation (Euler’s method)

sx dx t( )
dt

------------=
x t Ts+( ) x t( )–

Ts
------------------------------------≈ z 1–

Ts
-----------x t( )=     

• Backward difference 

sx dx t( )
dt

------------
x t( ) x t Ts–( )–

Ts
------------------------------------≈ 1 z 1––

Ts
----------------x z( ) z 1–

zTs
-----------x z( )= = =

• Tustins approximation, (bilinear transformation), (Trapezoidal method)

sx dx t( )
dt

------------ 2
Ts
-----
x t Ts+( ) 1–
x t Ts+( ) 1+
------------------------------≈ 2 z 1–( )

Ts z 1+( )
----------------------x z( )= =
Mechatronics LabKTH MMK
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3.5.9 Using the approximation

S s( )
R s( )
-----------

s2s
2 s1s s0+ +
s s r0+( )

------------------------------------=

Ex. for a PID controller with Euler forward 

S z( )
R z( )
-----------

s2
z 1–
Ts

-----------⎝ ⎠
⎛ ⎞ 2

s1
z 1–
Ts

----------- s0+ +

z 1–
Ts

----------- z 1–
Ts

----------- r0+⎝ ⎠
⎛ ⎞

---------------------------------------------------------------≈

Use Maple!

Tustin is availabe for numeric approximation in Matlab, Control Toolbox
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3.5.10 Convinient in s.s. format
x· x n 1+[ ] x n[ ]–

Ts
-------------------------------------≈ Ax n[ ] Bu n[ ]

y

+

Cx n[ ]

=

=

x n[ ] x n 1–[ ] TsAx n[ ] TsBu n[ ]

x n[ ]

+ +

1 TsA+( ) 1– x n 1–[ ] 1 TsA+( ) 1– Bu n[ ]+

=

=

x· x n[ ] x n 1–[ ]–
Ts

------------------------------------≈ Ax n[ ] Bu n[ ]

y

+

Cx n[ ]

=

=

x n 1+[ ] x n[ ] TsAx n[ ] TsBu n[ ]
x n[ ]

+ +
1 TsA+( )x n 1–[ ] TsBu n 1–[ ]

y n[ ]
+

Cx n[ ]

=
=
=

Euler forward

Euler backward

Delay

No delay
Mechatronics LabKTH MMK
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3.5.11 Mapping of poles
• The stability region in the continuous time case (left half plane) corre-

sponds to the unit circle in the discrete time case. 

Forward difference Backward difference Tustin

z e
sTs 1 sTs+≈= z e

sTs 1
1 sTs–
-----------------≈= z e

sTs 1 sTs( ) 2⁄+
1 sTs( ) 2⁄–
-----------------------------≈=

im imim

re rere
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3.5.12 Evaluating the approximation
• Compare simulated step response (in Simulink)

• 1.) With continuos prosess model and continuous controller

• 2.) With continuous process model discrete time controller.

•  Compare the phase and amplitude margins

• 1.) With continuos prosess model and continuous controller

• 2.) With a zoh model of the process and the discrete time controller

• It is not possible to make a bode or nyquist plot in matlab for a combined 
continuous and discrete time model. 
Mechatronics LabKTH MMK
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3.5.13 Summary
• The continuos time controller is

r u yB
A
---

S
R
---

T
R
---

 
u s( ) T s( )

R s( )
-----------r S s( )

R s( )
-----------y–= . 

• After a discrete time 
approximation we have 
u z( ) T z( )

R z( )
-----------r S z( )

R z( )
-----------y–=

• Select the sampling period 10 30,[ ]  times faster than the c.l. poles. 
(Observe that the poles are in rad/s)

• Use Tustins approximation in Matlab, i) for the feedback part Gc s( ) S s( )
R s( )
-----------=  

and, ii) for the feedforward part Gff s( ) T s( )
R s( )
-----------=  separatly.
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3.6. Lecture outline
• 1. Introduction

• 2. Model based Control, a motivating example

• 3. Pole placement design

• 4. Specifications for poleplacement design

• 5. Discrete time approximation of the continuous time control

• 6. Example, a PD position controller

• 7. Cascaded motion control architecture
Mechatronics LabKTH MMK
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3.6.1 Position control with PD controller

Process: Gp s( ) B s( )
A s( )
-----------

Kt J⁄
s s d J⁄+( )
-------------------------= = , with current as input!

PD-controller with L.P. filter Gc s( ) S s( )
R s( )
-----------

s1s s0+
s r0+

-------------------= =  -> AR BS+ , third order 

c.l. poles, specification Am s( )A0 s( ) s2 2ζω1s ω2+ +( ) s ω2+( )=

Calculate s1 s0 r0, ,{ }  by solving 

s3 d
J
--- r0+⎝ ⎠

⎛ ⎞ s2
dr0
J

--------
Kts1
J

-----------+⎝ ⎠
⎛ ⎞ s

Kts0
J

-----------+ + + s2 2ζω1s ω2+ +( ) s ω2+( )=

{ }, , = s1
 +  −  −  + ω2 J2 2 ζ ω2 J2 2 d ζ ω J d ω J d2

J Kt
 = r0

 +  − 2 ζ ω J ω J d
J

 = s0
ω3 J
Kt

 , with ω1 ω2 ω= =
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Based on specifications, choose ω 50=  and ζ 0.8= , which gives 

S s( )
R s( )
----------- 138.8s 2778+

s 134.4+
----------------------------------=  and T s( )

R s( )
-----------

t0Ao
R

----------- 55.56s 2778+
s 134.4+

----------------------------------= =

Approximate a discrete time implementation with e.g. Tustin, select the 
sampling period from rule of thumb Ts

2π
20ω
---------- 0.006≈= .

S z( )
R z( )
----------- 104.8z 92.9–

z 0.43–
--------------------------------= ,  T z( )

R z( )
----------- 45.5z 33.7–

z 0.43–
-----------------------------=

Control law: R z( )u z( ) T z( )r z( ) S z( )y z( )–=  

z 0.43–( )u 45.5z 33.7–( )r 104.8z 92.9–( )y–=     shift with z 1–  gives the control,

u n[ ] 0.43u n 1–[ ] 45.5r n[ ] 33.7r n 1–[ ] 104.8y n[ ]– 92.9y n 1–[ ]+–+=
Mechatronics LabKTH MMK
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3.6.2 Results
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Simulated step response: 
blue line, continuos time controller 
red line, discrete time controller with Ts = 6 ms 
green line, discrete time controller with Ts = 10 ms 
red line, discrete time controller with Ts = 20 ms

position signal control signal

 in time domain
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3.6.3 Results in frequency domain
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Bode Diagram

Frequency  (rad/sec)

 Model/Margin Phase Amplitude 
------------------------------------------------- 
Continuous inf 54 
Disc. 6 ms 46 16 
Disc. 10 ms 41 12 
Disc. 20 ms 27 5.6
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3.7. Lecture outline
• 1. Introduction

• 2. Model based Control, a motivating example

• 3. Pole placement design

• 4. Specifications for poleplacement design

• 5. Discrete time approximation of the continuous time control

• 6. Example, a PD position controller

• 7. Cascaded motion control architecture
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3.7.1 Cascaded motion controller

Motoramplifier
Current
control

Velocity
control

Position
control

•  Design each of the three controllers separately
•  Start with the inner current loop
•  Then velocity and last position
•  The frequency range must be different for each loop

Voltage
posref vref iref

v
pos

i

u

Mechatronics LabKTH MMK
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3.7.2 Current loop
• The model u Rei Ldi

dt
----- kemkv+ +=  -> i 1

R Ls+
----------------u 1

R Ls+
----------------v–=

• The velocity v  acts as a disturbance -> the controller needs an integrator
• The control structure Ci

Ps I+
s

--------------=

• The closed loop poles AR BS+ s2 Re L⁄ P L⁄+( )s I L⁄+ +=

• Desired closed loop poles: real s ω1+( ) s ω2+( ) , or imag s2 2ζωs ω2+ +

• The time constant L Re⁄  is normally very fast -> very fast closed loop 
poles

• Very small sampling period -> difficult with digital implementation
• Often Analogue controller in driver
• The current is not so easy to measure, often noisy
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3.7.3 Velocity loop 

Motor
"Current Velocity

control
Position
control

•  The "current amplifier" has T.F. 1 in the frequency range where the 
velocity controller should be designed.  

•  Model 
• PI-control is normally sufficient, c.l. poles at around 10 times slower 

then the current poles.
• The velocity must be measured or derivated from position

v s( )
kT
Js d+
--------------i s( )=

amplifier"

posref vref iref

v

pos

  
Mechatronics LabKTH MMK
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3.7.4 Position loop

Motor"Velocity Position
control

•  The "velocity amplifier" has T.F. 1 in the frequency range where the 
velocity controller should be designed.  

•  Model 
• P-control is normally sufficient, c.l. poles at around 10 times slower 

then the velocity poles.

pos s( ) 1
s
---v s( )=

amplifier"

posref vref

pos
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3.7.5 Ex. cascaded control - current loop

• solve the diofantine equation for the controller S
R
--- Ps I+

s
--------------=  and   B

A
--- 1

R Ls+
----------------=

AR BS+ s2 Re L⁄ P L⁄+( )s I L⁄+ + s2 ω1 ω2+( )s ω1ω2+ += =

Control parameters: P L ω1 ω2+( ) R
I

–
Lω1ω2

=
=

       Motor data:      R 24Ω
L 1.0mF

=
=

•  Lets try c.l. poles:   ω1 ω2 500rad/s= =  

• For error feedback we get:  SR---
23– s 250+
s

---------------------------=

• Observe! we have c.l. zeros at BS 0=  gives a positive zero s 10.9=

• How does the step response look like ?
Mechatronics LabKTH MMK
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   Not very good! 

To get negative zeros and if:    
ω1 ω2 ω= =

then

 BS 2ωL R–( )s ω2L+ 0

s ω2L
R 2ωL–
-------------------- 0    gives

ω R
2L
------>

<

24
0.002
------------- 12000

= =

=

= =

• With a c.l. pole at -12000 we need sampling period of approximatly 25 μs 
which is only possible with extremly high performing processors. 
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3.7.6 Example curren loop cont.

• Instead do a 2 DOF design:   u T
R
---r S

R
---i–=

select T s ω2+( )=    and  t0 ω1=    gives:  BT
AR BS+
---------------------

ω1
s ω1+( )

--------------------=   
Mechatronics LabKTH MMK
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3.7.7 Evaluate current response

• The velocity acts as a disturbance:      i 1
R Ls+
----------------u 1

R Ls+
----------------v–=

Blue line: ω 500=

Red line: ω 1000=

Green line: ω 2000=
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3.7.8 Ex. cont. next step velocity loop

• The model for designing the velocity loop is v s( )
kT
Js d+
--------------i s( )=

There is no integrator in the model, select the control structur SR---
Ps I+
s

--------------=

solve the diophantine equation: 

AR BS+ s2 d
J
---

kTP
J

---------+⎝ ⎠
⎛ ⎞ s

kTI
J

--------+ + s2 ω1 ω2+( )s ω1ω2+ +( )= =     gives:

P
ω1 ω2+( )J d–

kT
-------------------------------------

I
ω1ω2J
kT

-----------------

=

=

   select e.g. ω1 ω2 50= =

   Check if the zeros are OK -> sz 30–=

   Perhaps OK! Lets check
Mechatronics LabKTH MMK
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max current is 0.5A 

max voltage is 12V 

Step response with velocity reference = 200 rad/s

Red lines: reference signals 
Blue lines: Actual signals
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3.7.9 Saturation problem
reference velocity = 350 rad/s

intgral windup due to saturation of both current and voltage

max voltage: 12V

max current: 0.5A
Mechatronics LabKTH MMK
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3.7.10 Integral windup- the reason why

• Velocity loop control law:  ir P I
s
--+⎝ ⎠

⎛ ⎞ vr v–( )=     (PI error feedback

vr v–

I
s
-- vr v–( )ir

the velocity error  is neg-

ative for time . 

However the controlsignal  is 

positive until time .

Because, the integral part 

 of the controller has 

acumulated a high value and it 
takes time before it decreases. 
The area of the velocity error.

vr v–

t 0.55>

ir
t 0.61≈

I
s
-- vr v–( )

)
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3.8. Windup and Anti windup control
• Windup in the integrator is caused by saturation in the actuator.

• Saturation is caused by, either a large reference step input, a large 
disturbance or an intial value error.

• Standard antiwindup technic is called Back-Calculation

1
s
---I

1
Tt
----

P
+

+

+-
+

+

P
e r y–=

Actuator
model Actuator

Tracking
time constant
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3.8.1 Antiwindup for general controllers
• If the contol has more terms then just the integrator in the denominator 

must it be factorized in two parts, one with only the integrator end the 
other with the rest.

• Example PID controller with a low pass filter, 

 C s( ) Ds2 Ps I+ +
s s r0+( )

-------------------------------
If
s
---

Dfs Pf+
s r0+

--------------------+= =     with:    If
I
r0
-----= Pf, P I–= Df, D=  

1
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---If

1
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• For a 2DOF control structure with control law:     u T
R
---r S

R
---y–=

Rf  is the part of R  without the integrator. Tf  and Sf  are factorized as above.
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3.8.2 Antiwindup for the cascaded controller 

Even though the controlsignal 
 (red line) saturates, 

is the output of the integral part 

 (blue line) always 

below the saturation level of 
0.5A.  

ir

I
s
-- vr v–( )

Step response, reference velocity = 550 rad/s with antiwindup
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3.8.3 A closer analysis of the response
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Steady state error in velocity because of a combination of windup in voltage and static friction.

Left plot is without antiwindup and the right with antiwindup in the voltage signal in the current controller.
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3.8.4 Summary
• Polynomial approach to poleplacement feedback design

• Mapping of time domain specifications to pole location 
specifications.

• Selection of sample period for a discrete time implementation 
based on specifications.

• Approximation of the continuos time controller to a discrete time 
controller with e.g., Euler or Tustin.

• Evaluate the approximation in time and frequency planes.
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	Dynamics and Motion control
	Lecture 3 Feedback control -continuous time design
	Bengt Eriksson KTH, Machine Design Mechatronics Lab e-mail: benke@md.kth.se


	Lecture outline
	. 1. Introduction
	. 2. Model based Control: a motivating example
	. 3. Pole placement design
	. 4. Discrete time approximation of the continuous time control
	. 5. Example, a PD position controller
	. 7. Cascaded motion control architecture
	. 8. Antiwindup


	3.1. Feedback control properties
	. The main principle in control engineering
	. Typically model based (but not required to be)
	. Produces control signals after an error has occurred
	. Disturbance rejection is achieved
	. Effect of process parameter variations is reduced
	. Leads to a closed loop
	. May lead to instability if designed incorrectly
	. Sensor noise may be amplified and deteriorate performance
	3.1.1 Feed forward control properties
	. Produces control signals prior to that an error has occurred
	. Uses carefully designed reference signals to make the process follow the references “exactly”

	3.1.2 The servo vs. regulator problem
	. The regulator problem: -> FEEDBACK
	Find a feedback controller that satisfies the specifications on
	-sensor noise, disturbance rejection and robustness to model and parameter uncertainties
	. The servo problem: -> FEED FORWARD

	Find a feed forward controller that tracks the references according to specifications (a feedback must already exist)
	-Steady state accuracy, overshoot, tracking error, settling time


	3.1.3 Error vs. output feedback
	. More design freedom with Output feedback, also called 2DOF control
	u = control or input signal, y = output or measured signal, r = reference or command signal
	. Example PD-control
	If, , then both structures are equal
	Example. If we don’t want derivative action on the reference signal we should instead choose and .



	3.1.4 Noise and disturbance models
	. TF from reference, r to output y are different.

	3.1.5 Polynomial models
	Set:


	3.2. Lecture outline
	. 1. Introduction
	. 2. Model based Control, a motivating example
	. 3. Pole placement design
	. 4. Discrete time approximation of the continuous time control
	. 5. Example, a PD position controller
	. 6. Example, a PD position controller
	. 7. Cascaded motion control architecture

	3.2.1 Motivating exampl
	. Model based T.F control design
	: rotor inertia
	: torque constant
	: friction coefficient
	: rotor current
	: angular position
	DC-motor model from lec. 2
	set and s.t.
	1.) Start simple, try position feedback
	2.) Calculate c.l. poles
	with: and and
	Closed loop poles,
	-> 2:nd order poly. -> solve for from .



	3.2.2 Root locus
	. Plot the c.l. poles as a function of one variable
	the variable could be either a control parameter or a process parameter
	Here we choose P as the varying variable. Matlab code for the calculations:
	m = 0.08; d = 0.45; km = 3.6;
	Pvec = 0:.01:1;
	for n = 1:length(Pvec), Poles(:,n) = roots([J d Pvec(n)*km]);end
	plot(real(Poles(1,:)),imag(Poles(1,:)),'r.',real(Poles(2,:)),imag(Poles(2,:)),'b.')
	sgrid


	Normally we don’t want to have a step response with an overshoot. A robot arm could collide with an object!
	Choose fastest poles with ->
	which gives
	Try:
	G = tf(km,[J d 0]); rlocus(G,Pvec),P = rlocfind(G)




	3.2.3 Evaluate the closed loop
	. Closed loop
	where and
	But what if we want a faster step response, higher with the same ??
	Try position and velocity feedback!


	3.2.4 Position and velocity feedback
	. New control law -> ,
	. How do we choose D?
	a root locus can not be done on both P and D at the same time lets try multiple root locuses on P with D ={0.5 1.0 1.5};
	With we can choose which is 5 times faster than without velocity feedback with the same .
	Is there a way to get any desired speed , and damping ?


	3.2.5 Instead of guessing D -use Poleplacement
	. Solving for s in the c.l. denominator polynomial with position and velocity feedback gives
	- 2 control parameters and a second order polynomial, that is, we can choose any c.l. poles by selecting P & D in a proper way such that.
	where is the desired closed loop polynomial e.g. .
	This gives
	-> Use solve in Maple


	3.2.6 Maple

	3.3. Lecture outline
	. 1. Introduction
	. 2. Model based Control, a motivating example
	. 3. Pole placement design
	. 4. Discrete time approximation of the continuous time control
	. 5. Example, a PD position controller
	. 6. Example, a PD position controller
	. 7. Cascaded motion control architecture

	3.3.1 Poleplacement with s.s. models
	Model: , where .
	Control law: , where
	Closed loop:
	The poles of the c.l. are totally defined by L, eigenvalues of the matrix,
	L is easiest found numerically in Matlab using the ’acker’ command.
	Advantage, easy to calculate L for for any model, also high order.

	3.3.2 If the state vector is not measurable
	The state vector x must be available from measurements or from designing a state observer.
	, design K in the same way as L.

	3.3.3 Numeric solution in Matlab
	Calculate the state space model of the DC-motor, choose
	which gives , and .
	A = [0 1;0 -d/J]; B = [0;km/J]; C = [1 0]; D = 0; Gss = ss(A,B,C,D);
	w0 = 20; zeta = 0.8;
	poles = roots([1 2*zeta*w0 w0^2])
	poles =
	-16.0000 +12.0000i
	-16.0000 -12.0000i
	L = acker(Gss.a,Gss.b,poles) % OBS L(1) = P, and L(2) = D
	L =
	8.8889 0.5861
	damp(A-B*L)
	Eigenvalue Damping Freq. (rad/s)
	-1.60e+001 + 1.20e+001i 8.00e-001 2.00e+001
	-1.60e+001 - 1.20e+001i 8.00e-001 2.00e+001


	3.3.4 Poleplacement with T.F. models
	1.) Select control structure, .
	2.) Calculate the c.l. polynomilal (characteristic equation).
	3.) Select a desired c.l. polynomial, where
	and , which gives .
	4.) Solve for the parameters in and in the so called Diophantine eq. .
	5.) Set the f.f. polynomial to where is a static gain that gives unit dc-gain in the c.l. T.F. from to .

	3.3.5 Calculate the feedforward part T(s)
	, chose such that, .
	i.) the order of is the same as and thereby also the order of the process , (see last slide).
	ii.) The dc gain is one, .

	3.3.6 Example, position control
	: rotor inertia
	: torque constant
	: friction coefficient
	Cont.

	3.3.7 The choice of S&R
	. Normally we need the order of to be at least the same as for . This gives a proper t.f. . (the order of the numerator is not higher than that of the denominator).
	. PD type controllers can however be used. (derivation of position to velocity)
	. A time delay of at least one sample will be introduced if the order of is higher then .
	. A good choice is thereby to have the same order of and , and if the order of is one less than then complete control in terms of poles and their c.l. locations is possible.
	. Which order is then good to use? -depends on the control problem such as: Integral control, sensor noise, disturbances etc.

	3.3.8 PI type feedback for velocity control
	Process: , and the Diophantine exp.
	P-ctrl. Dio. ()
	P-ctrl. with LP-filter. Dio.
	PI-ctrl. , Dio.
	PI-ctrl. with LP-filt. , Dio.

	3.3.9 PID type feedback for position control
	Process: c.l. dynamics and the Diophantine exp.
	PD-ctrl. Dio.
	PD-ctrl. with LP-filter.
	Dio.
	PID-ctrl. ,
	Dio.
	PI-ctrl. ,
	Dio.
	(not solvable! 3:rd order Dio. with only two control parameters)
	PI-ctrl. with LP-filt. , (observe )
	Dio.
	PID-ctrl. with LP-filt.
	Dio.


	3.4. Lecture outline
	. 1. Introduction
	. 2. Model based Control, a motivating example
	. 3. Pole placement design
	. 4. Specifications for poleplacement design
	. 5. Discrete time approximation of the continuous time control
	. 6. Example, a PD position controller
	. 7. Cascaded motion control architecture

	3.4.1 Specifications for poleplacement
	. Intuitively in time domain, but for design in complex plane.
	. Need for translation between planes
	Rise time: time from 5% to 95% of reference step.

	3.4.2 Observe the order of the c.l. system
	. The rise time for higer order systems will be slower (superposition)

	3.4.3 Frequency domain specifications
	. Example, gain from sensor noise at 50 Hz to output must be less than ()
	. Example of a specification on t.f. from noise to output


	3.5. Lecture outline
	. 1. Introduction
	. 2. Model based Control, a motivating example
	. 3. Pole placement design
	. 4. Specifications for poleplacement design
	. 5. Discrete time approximation of the continuous time control
	. 6. Example, a PD position controller
	. 7. Cascaded motion control architecture

	3.5.1 Continuous vs discrete implementation
	3.5.2 Discrete time control
	3.5.3 Assumptions/consequences
	. sampling at constant frequency (constant sampling interval)
	. synchronism between sampling and actuation
	. zero delay between sampling and actuation (clearly we can not achieve this exactly, execution of the control algorithm takes time)

	3.5.4 Choice of sampling rates from time domain
	. single rate systems - high sampling rate is costly - the frequency should be set in relation to the fastest dynamics in the cl...

	3.5.5 Sampling interval selection based on freq.
	. The sampling frequency must be faster then the fastest dynamic mode in the control system, which could be either:
	. in the feedback , in the feedforward or in the closed loop . It can also be taken from the bandwidth or crossover frequency of the controller.
	. If the fastest pole is then the sampling frequency should be and thereby sampling time


	3.5.6 Mapping the s-plane to the z-plane
	. Poles
	A continuous time pole is mapped to a discrete time pole by where is the sampling period. (From the definition of the z- transform, lecture 2)
	The continuous time stability border , is which is the unit circle.


	3.5.7 Approximating the derivative
	3.5.8 Transformation of continuous time design
	. Forward difference approximation (Euler’s method)
	. Backward difference
	. Tustins approximation, (bilinear transformation), (Trapezoidal method)

	3.5.9 Using the approximation
	3.5.10 Convinient in s.s. format
	3.5.11 Mapping of poles
	. The stability region in the continuous time case (left half plane) corresponds to the unit circle in the discrete time case.

	3.5.12 Evaluating the approximation
	. Compare simulated step response (in Simulink)
	. 1.) With continuos prosess model and continuous controller
	. 2.) With continuous process model discrete time controller.

	. Compare the phase and amplitude margins
	. 1.) With continuos prosess model and continuous controller
	. 2.) With a zoh model of the process and the discrete time controller
	. It is not possible to make a bode or nyquist plot in matlab for a combined continuous and discrete time model.


	3.5.13 Summary
	. The continuos time controller is .
	. After a discrete time approximation we have
	. Select the sampling period times faster than the c.l. poles. (Observe that the poles are in rad/s)
	. Use Tustins approximation in Matlab, i) for the feedback part and, ii) for the feedforward part separatly.


	3.6. Lecture outline
	. 1. Introduction
	. 2. Model based Control, a motivating example
	. 3. Pole placement design
	. 4. Specifications for poleplacement design
	. 5. Discrete time approximation of the continuous time control
	. 6. Example, a PD position controller
	. 7. Cascaded motion control architecture

	3.6.1 Position control with PD controller
	Process: , with current as input!
	PD-controller with L.P. filter -> , third order
	c.l. poles, specification
	Calculate by solving , with
	Based on specifications, choose and , which gives
	and
	Approximate a discrete time implementation with e.g. Tustin, select the sampling period from rule of thumb .
	,
	Control law:
	shift with gives the control,

	3.6.2 Results in time domain
	Simulated step response: blue line, continuos time controller red line, discrete time controller with Ts = 6 ms green line, discrete time controller with Ts = 10 ms red line, discrete time controller with Ts = 20 ms

	3.6.3 Results in frequency domain
	Model/Margin Phase Amplitude ------------------------------------------------- Continuous inf 54 Disc. 6 ms 46 16 Disc. 10 ms 41 12 Disc. 20 ms 27 5.6


	3.7. Lecture outline
	. 1. Introduction
	. 2. Model based Control, a motivating example
	. 3. Pole placement design
	. 4. Specifications for poleplacement design
	. 5. Discrete time approximation of the continuous time control
	. 6. Example, a PD position controller
	. 7. Cascaded motion control architecture
	3.7.1 Cascaded motion controller
	. Design each of the three controllers separately
	. Start with the inner current loop
	. Then velocity and last position
	. The frequency range must be different for each loop

	3.7.2 Current loop
	. The model ->
	. The velocity acts as a disturbance -> the controller needs an integrator
	. The control structure
	. The closed loop poles
	. Desired closed loop poles: real , or imag
	. The time constant is normally very fast -> very fast closed loop poles
	. Very small sampling period -> difficult with digital implementation
	. Often Analogue controller in driver
	. The current is not so easy to measure, often noisy

	3.7.3 Velocity loop
	. The "current amplifier" has T.F. 1 in the frequency range where the velocity controller should be designed.
	. Model
	. PI-control is normally sufficient, c.l. poles at around 10 times slower then the current poles.
	. The velocity must be measured or derivated from position

	3.7.4 Position loop
	. The "velocity amplifier" has T.F. 1 in the frequency range where the velocity controller should be designed.
	. Model
	. P-control is normally sufficient, c.l. poles at around 10 times slower then the velocity poles.

	3.7.5 Ex. cascaded control - current loop
	. solve the diofantine equation for the controller and
	Control parameters: Motor data:
	. Lets try c.l. poles:
	. For error feedback we get:
	. Observe! we have c.l. zeros at gives a positive zero
	. How does the step response look like ?

	Not very good!
	To get negative zeros and if:
	then
	. With a c.l. pole at -12000 we need sampling period of approximatly 25 ms which is only possible with extremly high performing processors.


	3.7.6 Example curren loop cont.
	. Instead do a 2 DOF design:
	select and gives:

	3.7.7 Evaluate current response
	. The velocity acts as a disturbance:

	3.7.8 Ex. cont. next step velocity loop
	. The model for designing the velocity loop is
	There is no integrator in the model, select the control structur
	solve the diophantine equation:
	gives:
	select e.g.
	Check if the zeros are OK ->
	Perhaps OK! Lets check

	Step response with velocity reference = 200 rad/s
	Red lines: reference signals Blue lines: Actual signals

	3.7.9 Saturation problem
	reference velocity = 350 rad/s intgral windup due to saturation of both current and voltage

	3.7.10 Integral windup - the reason why
	. Velocity loop control law: (PI error feedback)
	the velocity error is negative for time .
	However the controlsignal is positive until time .
	Because, the integral part of the controller has acumulated a high value and it takes time before it decreases. The area of the velocity error.


	3.8. Windup and Anti windup control
	. Windup in the integrator is caused by saturation in the actuator.
	. Saturation is caused by, either a large reference step input, a large disturbance or an intial value error.
	. Standard antiwindup technic is called Back-Calculation
	3.8.1 Antiwindup for general controllers
	. If the contol has more terms then just the integrator in the denominator must it be factorized in two parts, one with only the integrator end the other with the rest.
	. Example PID controller with a low pass filter, with:

	. For a 2DOF control structure with control law:
	is the part of without the integrator. and are factorized as above.


	3.8.2 Antiwindup for the cascaded controller
	Step response, reference velocity = 550 rad/s with antiwindup
	Even though the controlsignal (red line) saturates, is the output of the integral part (blue line) always below the saturation level of 0.5A.

	3.8.3 A closer analysis of the response
	Steady state error in velocity because of a combination of windup in voltage and static friction.
	Left plot is without antiwindup and the right with antiwindup in the voltage signal in the current controller.

	3.8.4 Summary
	. Polynomial approach to poleplacement feedback design
	. Mapping of time domain specifications to pole location specifications.
	. Selection of sample period for a discrete time implementation based on specifications.
	. Approximation of the continuos time controller to a discrete time controller with e.g., Euler or Tustin.
	. Evaluate the approximation in time and frequency planes.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


