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The amplifier and actuator have to
deliver a real force F, at best equal to
the control force

3
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The task of the power amplifier is
that of a controller!

* Controlling the characteristics of an electromagnetic
actuator/motor by controlling the actuator-input signal:
the voltage and current.

e Distinguishing items:

* Power capability (Voltage X Current)

* Dynamic properties like stability and control bandwidth

* Low or high output impedance (voltage or current source output)

* Efficiency (Power dissipation)

* Linearity, full range proportional output value (freedom of distortion)

x
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Power Capability is directly visible

* High voltage and current
levels limit small size (solid-
state) integration

* Discrete Components
* Switching relays
* Thermal Control

* Risk of interference by
strong magnetic and electric
fields (EMC)

5
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Dynamic Properties in two directions

e Amplifiers are part of the position feedback loop
* Delay for instance from latency in a digitally controlled amplifier, will reduce
stability .
* Also the bandwidth, how quickly can the current follow a setpoint change
(HF behaviour), is related to a negative impact on the phase.

* The dynamic load from the actuator(L,R,C) will impact stability of the
amplifier
Actuator

-

Amplifier L

3
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Low or high output impedance of
an Amplifier

e Low impedance (voltage source output): Actuator i
L,

* When damping is necessary
* Loudspeakers
« Feedforward (no feedback)

_____________

e High impedance (current source output)
* When the current/force has to be independent of the movement

(Lorentz actuators).
* When the current/force has to be independent of the self inductance

(servo systems)

5
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V motor

Efficiency

V supply
—

e An amplifier converts a supply voltage/ current into a motor

voltage/current.
A difference of voltage means power loss unless....

» A difference in current requires energy buffering in capacitors or

batteries.

 Switched mode/PWM amplifiers reduce dissipation but have other
special properties that have to be known.

10
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Linearity, distortion

+Vmax
Vou
- Vou
Momentary gain 5
depends on value of output!
EE— .
mn
_Vmax

Clipping example
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First a few definitions while keeping
“real”’electronics to the bare minimum

*Voltage and current source
*Ohm’s law

* Resistors

e Capacitors

*Inductors

5
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Ideal voltage and current sources

¢ An ideal voltage source is a circuit element where the voltage across it is
independent of the load (current). It has a zero source impedance.
It can be replaced by a short circuit when the influence of another electric source
in the circuit is to be determined.

O— —F— —0©

¢ An ideal current source is a circuit element where the current through it is
independent of the load (voltage). It has an infinite source impedance.
It can be replaced by an open circuit when the influence of another electric source
in the circuit is to be determined.

- + - + - +
& ), D
e Both do not exist in reality but only in physical models of circuits. In reality one
can only approximate its behaviour.

14

5
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Ohm’s law, the definition of
impedance

Current () v 1=V
R

+ Voltage

(" Power in Watt (W):
Impedance 2
. 2) P=1IV=I"R="—
ource R

Dynamic impedance Z(f)

)

3
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VN =1(HZ(f) I(f)=

Practical resistors

e Resistor size is determined by the power dissipation
(Wirewound) resistors have parasitic self inductance and
capacitance

Range from mQ to GQ

3
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First dynamic impedance, the coil
or Inductor (symbol L from Lenz).

Self-inductance of windings is related to
induced magnetic field

+ D, D, nl
L= =~ w
v =14
dr

n*  Induced voltage by a changing magnetic

=% field (Faraday)

Inductor L with n windings V. =F =n o, _ do, _Lg
L

¢ dt dr dt

3
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First dynamic impedance, the coil
or Inductor (symbol L from Lenz).

e For AC the voltage leads the current

I with 90°
Fourier transform:
d .
#af-o
+
L Vt)y=n 4o, = Lﬂ
DO 0=ty
- F{V (0} =V(w)= joLl
V .
Z ()= 7(60) = joL
& . . 18
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Power and energy in an inductor.

e The current as function of the voltage equals:

N V(o) = joLl(@) = [(o)="2
wl

: P

Jjo.

V(w)=V,coswt = I(w)=LaI)4)=1psina)t [1 =

e The power equals:

Current — H . — 3 -
Voltage P=1 sinwt-V,coswt =0.51V, sin(2wt) = average 0

* And the momentary energy equals

PRSI N B e o

— E, = j P (t)dt = j I(t)L%dt = L_[OI 1()dI = %uf

(compare: E_. = 0.5kF?)

spring

5
oL
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Practical Inductors
e Inductor size is determined by the selfinductance and the
current.
¢ Inductors have parasitic capacitance, resistance and eddy
current losses
¢ Range from pH to several mH
o 88
Can ©
20

3
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Second dynamic impedance, the
Capacitor

A capacitor is storing electrical energy in charge on two
separated plates with distance D and surface A

e The capacitanceis: C= %

* Invacuum the permittivity &, is:
1

2

C Hy

~8.85-10™"

€0=

e Thechargeis: ¢=CV

e With AC the current leads the voltage

1(z)=‘;—?=c‘%; F{I(t)} = (@) = joCV ; Z(w)=%=j%oc

P=V,sinwt-1,coswt = 0.5V, sin(2wt) = average 0; E =0.5CV* (compare: E,;, =0.5mv’)

b

3
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Practical Capacitors

e Capacitor size is determined by the Capacitance and current.
e Capacitors have parasitic self inductance and resistance
¢ Range from 1pF (ceramic) to ~ > 1 F (electrolytic super caps)

3
TUDelft Hue WB2414-Mechatronic System Design 2013-2014 22

11



So do you recognise these elements?

'

x
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These parts are used to make filters for
the output of switching-mode amplifiers

*Voltage dividers or attenuators
15t order low-pass filters
2" order low-pass filters

x
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A voltage divider
1
—
7 }
| 1 | i
4 = d
C) VAR A
i Lzl |7 vz
1 0 VO 7. 22 _ i
- Z,+Z,
a:Voltage divider
'FU Delft s WB2414-Mechatronic System Design 2013-2014 25

Discussion:

* Design a first-order low pass filter for 1000Hz

* Use voltage divider

* Choose best suitable components
* Determine frequency response

* Determine component values

a:Voltage divider

3
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1st order low-pass with capacitor

Vo _
Vi

. -
Z,=L—— ZI-I-Z2

C) Vi = jeCTT Vo 1

- Z,=R,Z,=——and r=RC

_ JjoC
(@)=, (0) =L
i R+.7
joC

1 1
" jwRC+1  jor+l

Magnitude (abs)

Corner frequency :

11
R

Phase [deg]

-20 FRSRR 3
o 0 0 10°
Frequency [Hz]

27
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Questione prosciutto!

* Will this work with power transfer
from input to output?

¢ So what must be avoided?

28

x
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1st order low-pass with inductor
without series resistor

(900 T v,z
Z, = joL 2 =
% V. Z+Z,
T L
V; 65T K Z =joL,Z,=R and T=E
V R
< (w)=G.(w)= =
= 14() /(@) R+ joL
Z, represents the power in the load. 1 1
i T g jo= 41 jot+1
ém ; -:u{é R
S ed Corner frequency :
T ) 1 R
Fi W, =2rfy=—=—
e ’ S T L
v Freq w‘\ﬂ
3
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A second order passive low pass filter
without series resistor

Z=jol "
=jo
+ | . %
1
Z, = p— V. Z+Z
() Vi JjoC Vo ! ! 2
- 1
Z =joL ,Z,= , W) = ——=
- joC NLC
10° 60
B 10’ | 0g 1
E 10" '”'\_ mE V a)C
= e ] @G-
é’ 10" 7202‘] V: . L 1
y ] JoL+—
10 . ~~-40 C
04] Jjo
[ . 1 1
Pl ' = = 2
Eouss (jo)’LC+1 w
-180 - _72 + 1
10' 10 10° a)o
- Frequency [Hz]
TUDelft &y WB2414-Mechatronic System Design 2013-2014 30
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A second order low pass filter with
parallel damping

Ve, Z,Zy  _ 1 1

(000 - -
Z = jol * V. Z+Z,|Z, Z

1 1
' ——+l z| —+—|+1
1 Z, 1 Z, 1(22 ZJ
T = —
() Vi - JjoC

Vo Zl:ij’ZZZ%’Z3:R
h o
- 1 1 (L 1 c
Wy =—— ,C=— |~ —— —R[I=
* JLc 2r\c = ¢ 2 L

Z, represents
the power in the load. v
“(0)=G (@)= =
Vi jwL ja)C+i +1
/ R
1 1 1

T L. & 2 S
(oyLC+jo -+l @ 2600, @ Jjo
R @, @y @y Q0

-
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A second order low pass filter with
parallel damping
+ 7 | =
0 s S
Gf (a)) = 2; -15016‘ : . . 16’ s =
— a)i + ﬂ + 1 Frequency [Hz]
o ©Q
4 i i 32
TUDelft e WB2414-Mechatronic System Design 2013-2014
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Contents

e Current or voltage source amplifier output

* Actuator determined

x
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Group discussion

e Discuss difference of voltage and current control to drive an
actuator in mechatronic systems

A Permanen{l\a‘lagnets Ferromagnetic yoke

/

Cail

x
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A current source output will cancel
effects of the self inductance and
motion EMF

With a voltage source the current is:

d/
V.-V —L=— B
A A A AN
R R R

With a Lorentz actuator a current source will
create a direct conversion from the setpoint
(control force) to actuator force.

3
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Low or high output impedance of
an Amplifier

e Low impedance (voltage source output): Actuator L
* When damping is necessary

* Loudspeakers U

« Feedforward (no feedback) i

_____________

» High impedance (current source output)
* When the current/force has to be independent of the movement
(Lorentz actuators).
* When the current/force has to be independent of the self inductance
(servo systems)

36

x
TUDelft &y WB2414-Mechatronic System Design 2013-2014



Contents

[ )

e Linear, dissipative power amplifiers

[ ]

[ )
z . . 37
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Linear power amplifiers

e A linear power amplifier is nothing else than a powerful version of
a small signal amplifier.

e |t is often designed like an operational amplifier with high-power
output stage

e So it starts with the basic Op-amp.

38

x
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The analogue (operational) amplifier is an
integrated feedback-controlled system!
Input + Gal‘
+ n.o/ ; 9 B : +
I E 1 i
v E o V,
U
'k, :
- il
G. ' = _
Complementary ﬂz 2,0 = 1 = Gao=® o _ 1
sensitivity: V. 1+Ga,oGa,f 1 +G Ga,f
a,f
G, o
'?UDeIft Sy WB2414-Mechatronic System Design 2013-2014 39

Main guidelines of determining the
behaviour of an ideal Op-Amp circuit

1. Input currents in the Op-amp are zero
2. With negative feedback the output will do whatever it can to keep the
negative input voltage equal to the positive input voltage.

Modelling:

1. Verify that there is Negative Feedback

2. Calculate the voltage on the positive input.

3. Calculate the voltage at the output by applying rule 1 and 2, which means that
it generates the same voltage over the feedback path at the negative input as
was calculated in step 2.

5
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What source is the output of this
amplifier?

Input  + ~

i _Oas

* £ ., ! Output
+ Ga.o = | L +

I/}

H

Voltage or Current source? What is controlled?

x
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Transconductance amplifier has a

current source output
through the load and controlling

e Converts an input setpoint
- 5 voltage into an output current
L \$\ by measuring the current
= the output of the amplifier to
Input voltage controlled current source = transconductance amplifier keep the current proportional to
i the setpoint.

e Used for driving
electromagnetic actuators

* R measures current but there
is a better way without voltage

5 8 drop.

Non-inverting Inverting

x
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Lossless current sensing for high
current levels and improved efficiency

magnetic field

; R | .
V" U./\’\j;\ i

s LEM
Active compensation of magnetic field
generated by current /,
3
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Contents
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* Dynamic impact of power amplifiers
« Stability and frequency dependent characteristics
[ )
44
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Ideal and real properties of regular
(non-power) operational amplifiers

Parameter Ideal Op OPA27 Unit
Amp

DC Open loop Gain (G,) 0 120 (=10%) dB
Input impedance (Z,,) 0 6:10° Q
Output impedance (Z,,,) 0 70 Q
Input offset voltage (V) 0 <25 nv
Temp. coéff of ¥ (y) 0 0,6 nv/eC
Input bias current (f,) 0 40 nA
Input offset current (/) 0 10 nA
Gain bandwidth product 0 5-10° Hz.
Common mode rejection ratio 0 120 (=10%) dB
(CMRR)

'FU Delft s WB2414-Mechatronic System Design 2013-2014 45

Dynamic limitations of standard
Op-Amp

» . . s . . . » vees
ko 38PF == __an . | L
Y . 2N
AAN— ! L
' (1, Many
S| capacitors!
A1
1?;150
. 2o Andwitha
i 1%.150 power
' [~ ™4 ] amplifier
—NA— L] o—r &am /1 [ /1_,
| AN [ PN they are
INSTROMENTS \l e [ i - | |
A—H*f‘ | e N LA arge!
Thais s
: " i & A*FK | Py A
m!’}‘t $ L3 13 <] ? é
— - e . .i_.,__._ —
5
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Often a dominant pole is applied @
~1 Hz to compensate several poles

10° 1120
—10° 1100
v
B 10 '80
3 10° ‘60
S 7, |Gain-bandwidth product
= 101 lis constant over this line 140
& 1o | ‘20
210

10° ||~ Uncompensated o

—Compensated
0

Phase [deg]
2

Magnitude [dB]

-135
=180 | i i I
10° 10° 10° 10°
Frequency [Hz]
- oert . : 47
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Discussion!
V;‘ Vn
il
=+
What is the bandwidth of this amplifier?
+ Gain BW product = 106
* R;=100
* R,=10.000
- e . . 48
TUDelft Hue WB2414-Mechatronic System Design 2013-2014
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What is the impact of the dominant pole
on the current source output impedance?

e The higher the loop-gain, the
better the current is controlled,
so the higher is the output
impedance.

e Cut the loop just before the
minus input

Simplified:

e —————— + 1

Vin > G l GIZVCﬂ)OCG
V

a

AV, =G,AV,, o« G Al
AV,
P ItoV Al

o

=Z, <G,

49

5
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What is the impact of the dominant pole
on the current source output impedance?
; N ; * The higher the loop-gain, the
—Comperned. ek | better the current is controlled,
T i -5 so the higher is the output
i impedance.
ey Z, <@,
. i B Ji * The loopgain and output
Amplifier | "9 impedance is inverse
in |V G, l proportional to the frequency
14 * So what is the character of the
chb oc 10 o output impedance?
P ItoV
‘ Delft H H 50
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The actuator inductance creates
an additional pole (R/L)

0! preses gonanes T
-| R I ! '
+] ] !
' a H
Actuator |
(R H
| ido
i 3
Current feedback ! :
y path : ; 7
I'| T [ Ju
%]
V.=1R,
i

This creates stability issues and a potential resonance

3
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The actuator inductance creates
an additional pole (R/L)
; oo — R,
I g e L
Current feedback EI"“+
v, path v, " ~20
Va=LR -
- —_l_ -180
'FUDeIft Grayor WB2414-Mechatronic System Design 2013-2014 52
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Phase compensation can help the
stability

Loopgain [abs]

V

o

Phase [deg]
\u‘ T
I
|
o
|
r- = -

= -180
+
_I— ' @ Wy ®

But that changes the closed loop response, which can be OK for rejection of resonances.

Conclusion: One has to “shape” the feedback loop inside the amplifier towards the application!

'|"‘U Delft s WB2414-Mechatronic System Design 2013-2014 53
Extreme example of loopshaping
@ voltage source audio amplifier
Two internal poles
nal poles (output filter)
= Four internal zeros plus one pole -1
0
10
= 1000 1 lO4 1 105 l-l[)6
& ] : 54
TUDelft &y WB2414-Mechatronic System Design 2013-2014

27



Contents

* Switched mode power conversion

* 4 quadrant power delivery

5
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Main drawback of a linear non-switching
power output stage is dissipation of
energy

Issue 1: High supply voltage is needed with an
inductive load: +
d/
V.=Ve+V +V, =IR+V_ +L—
dr
dx  dl f
JCI'k = ? oC E ] oC x
dr/ Voox = "Jerk"
Vx =IR+V_ +L—
f max 'jé' = "Snap" - -
- . . 56
TUDelft Hue WB2414-Mechatronic System Design 2013-2014



Issue 2: Current and voltage are
not in phase.

* In case of pure inductor:

n : :
Ll | Current []
LV} Voltage |4
y o oo N o N A
V=L—
dr
A v ' : - - - : :
I =1Isinwt R d T
d(/ sin ot ~d(sinwt) A A
V:L(—):Ll(—):Vcosa)t V=Llw
dr dr
3 Do i i 57
TUDelft &y WB2414-Mechatronic System Design 2013-2014

Discussion:

What happens at ¢,

Current []
Voltage |-

o=

5
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Negative current with positive

voltage.
fi. @ tl Ploss :[oVI :]0(1/0 _I/o)
V+

Current []
Voltage

t
1 . .
4 quadrant operatlon: %
any combination of +/4Vand / R
'FU Delft s WB2414-Mechatronic System Design 2013-2014 59

4 Quadrant power delivery

4 quadrant operation:
Any combination of +/-Vand [

[T
>

S

I

5
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* Switched mode power conversion

* PWM Amplifiers
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i3
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PWM or switched mode power
conversion

* A switch does not dissipate energy
* Switches can only create squarewave signals (on/off) when

switching fast.
* Low pass filtering gives the average value (Fourier)

depending on duty cycle.

ay = 21? j_f[H]dH = 2D-1

Angle

Dty Cycie - Panicd

Parict

Magnitude

62
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PWM or switched mode power
conversion

* A switch does not dissipate energy

* Switches can only create squarewave signals (on/off) when
switching fast.

* Low pass filtering gives the average value (Fourier).

e L-C filtering is non-dissipative

+
Magrituds (dB)

Phase (deg)
2

180t ISR JU0E R W R 05 e -
10 10 10
Frequency (Hz)

TU Delft s WB2414-Mechatronic System Design 2013-2014 63

Pulse width (duty cycle) modulation

Schmitt trigger
IV O] @ K
= | G(x)
B Integrator - Balanced
switching
4| I_ power
- output
( @ﬂ stage
71
R |
—
r T—
’/. _.’;'{ ______________________ = __‘.__:. __________________________

?}HI-H:I:H.—_;% % 1 HMHH Pr ﬂ % -H-HHN

TU Delft Sss WB2414-Mechatronic System Design 2013-2014 64
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Power switches, the MOSFET

Drain Field Gate Gate Source
Contact Oxide  Oxide Metallization Contact

Gate

J(l n-Drain { Channel [ n-Source l

|
|
I
1 p-5u bsllate/(

Source

N-channel
off Electrons as charge carriers On
& o . . 65
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Switching cycle: step 1
V. —+30V
b
0
] +0.05A
L
+ 0
o
. A
Mz = 0]
o J >
1{’ .’ - 0.1 V .!f
Step 1: M1 switched on. 0
Current [, increases.
Voltage Vlé, becomes more positive. Step 1
& o . . 66
TUDelft Hue WB2414-Mechatronic System Design 2013-2014
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Switching cycle: step 2

,,
h
Lo,
il NIYY\

Mz
7
[

Step 2: M1 switched off, Mz switching on.

Current [, keeps flowing through M2 and decreases.

I_-30V

333 us

Vo +0.1V

: o

/ T'

ly

Voltage I, becomes moare paositive. Ste P 2
& e . . 67
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Switching cycle: step 3
o+
4 Vb —
— 0
¥ Y
il I, —
i I
M1 N "
p— —_—
1y 7, i
= ; " -0.05A
mj[ © (‘ v o
T Vo
Mz L 4
Vv —_—
P I} I
Step 3: M2 switched on. 0
Current /, changes direction and increases. .
Voltage I'EI, becomes more negative. Ste p 3 a
& e . . 68
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Switching cycle: step 4

Dl
L, \V
) ']T(

Mz L 00 1/\\
Step 4: Mz switched off, M1 switching on. r”
Current /, keeps flowing through M1 and decreases. .
Voltage |, becomes more negative. Ste p 4 .
& . . 69
TUDelft Heue WB2414-Mechatronic System Design 2013-2014

Change of duty cycle R ,4=5 Q

Vy +30V | 1 +30V
ov i fov

+3.05A

N A A A
AV - v

Ji +0.05A
L
ov

1, i
V. : A
a +0.1V;40.02 A L #1543 A +15.1V;+3.02A
ovl AN /N N\ N\ N N
Ty h
Transition from 50 % to 75 % duty cycle at 1, After stabilisation
x . ) . 70
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harge pumping with unipolar output voltage

1, flows from positive supply
Positive supply delivers power

and from negative supply
Negative supply receives power

n

TU Delft ¢ WB2414-Mechatronic System Design 2013-2014 [
In a bridge configuration these
currents are balanced
o
Power supply to load and inductors a
l_
e
YYY [Toad |}
T I =
M2 Ma
I’l;' I’]!
Step 1: M1 and M3 switched on. The LF current flows from lf,"' to Vp‘,
72
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In a bridge configuration these
currents are balanced

V+ V"'
p 1]
Power recovery from inductors :
_—
M1
1 Load I
E l l H)

W T T =
M2 Ma

%5 W

Step 2: M1 and M3 switched off. The LF current flows from 7" to tfj",'

3
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Contents

* Switched mode power conversion

e 3-phase amplifiers

3
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Three phase actuators need three
currents

Sum of currents
is zero!

Current ———»

Jhbbdb peag

- S B S, e R A Ay

Position ——»
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Three phase amplifier concept

| 24 V supply | 700 V supply

i

Three phase
power amplifier | magnitude set point R Y currert’a
c 3 ]
4 2 ) 1 >
@ E Z 1
B !
*2 ! current § 5 kW
bl il o
s 4 = . > 1
Position <::> position set point S i -
controller —— 1 actuator
serial link 1
(data & control) current T
1
1
enable / reset [ error 1 front
Jl switching control !—b panel
info

Question: What goes wrong when all three amplifiers have a
current-source output
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Three phase amplifier output
stage.
B
il N O
ik
e v ol
£ ‘ L k) =%
w1/ Phase T B
Ir'|‘ L Ma Y Wl
L] :
| |t & ™,
J— = «k) 4
i LA ‘ o
| A Phase 5 1
' %) - — No charge pumping and three phase with three
Mz [—— MOSFET pairs.
1 One of the amplifiers is voltage controlled to
keep the average voltage at zero.
'|"‘U Delft s WB2414-Mechatronic System Design 2013-2014 m

Mechatronic system design

s |

Mechatronic system design wb2414-2013/2014
Course part 7

How to connect?

Prof.ir. R.H.Munnig Schmidt
Mechatronic System Design

5
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The V-model of Systems Engineering

Functional requirements Realized functions

Subsystem design

Detailed design Timeline

79

%
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Technology

Main items to keep in mind

* “Nesting”:
* Lower parts are nested inside higher parts in the V model
* Many nested control systems (amplifier, current, motion)
* All influence eachother in two directions
* Mechanical dynamics determine the final performance
* Bandwidth limited by eigenmodes
* Power Amplifier and actuator are one
 Control force to real force
* Optimal tuning in dynamics and electrical properties
* Motion Control is both the connecting lead as the polishing layer
* Model based feedforward to almost perfection
* All physical systems (plant=AD/DA, amplifier, actuator, mechanics,
sensor) to be included in model
* Feedback for robustness (to be minimised by feedforward)

L3
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