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Thermal circuit

* Heat flow

— Heat sources: losses in diodes and
transistors

— Heat sink: natural or forced convection

— Thermal resistance: components and
thermal connections between them

* Thermal nodes
— Junction
— Case
— Heat sink
— Ambient

» Solutions
— Steady state
— Transient

Heat si%k
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Simple converter loss model

IS
«  Switching waveforms, looking @ +
at turn-on, on-state and turn-off Ug
energy losses over switching C - LR
sequence T U, T n
« Considering temperature
dependence

. Recalculate datasheet values to A
actual working point Uy,

« Pay attention if losses can be 1o
separated by components or Us onstate |
they are provided as per DA

integrated switch A .
:/\i Ps = Us " Lg /\




Switching and conducting losses
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Reverse recovery losses

Nominal
data

If specified, use:
E
Egon(Tos)=—"2—Vpc "I
Ny Voendon
B
R P off n W,
i VoenIon

Fall t,
: di/dt<0 t,,,
di/dt>0 ¢,

For the freewheeling diode:
Ib(o:i)zlbO’RD'IO

Pp cond Tsw)=Vp(omy To'Pp
Dp=1-Dg 7 b
Lo,
1 <
Fp =VDC'Qf'fsw Of :H'Qn- where 5 =r”1 Figure 6.3: Diode turn-off.
R0 2
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Position and Speed Control
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Generic Structure

Raw power

K

Switch statesA

Voltage
Current
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Position

References

© Mats Alakula

>

Control system
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Cascade Control

%
Position o Speed _—T 1 _—T 1 — ! 0
3 control + <1‘> control sJ S

The system contains two integrations. This gives a hint about two
properties of the system:

1 watch out for the stability margins;
2 integrators may help to eliminate remaining errors.
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The mechanical system

d_t(J.a)) =Ty — 1 6\

d d w dJ
L Joy=J 2o YL T, -T
a’t( ) dt dt el /
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Position Control Without Speed Control

Position | Speed T 1 T 1 O
control control s]
KF
0(s) _ K, o+ | K,
% 2 -
0" (s) J-s*+K, J

Only oscillatory poles!
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Position Control with Speed Control

* * *
T T 1 § 1 0

. . 0)
0 Position Speed | -—
control + control sJ

Limait for oscillatory

0 (s) Kp -
= poles:

0" (s) J-s*+K, s+K, K,

Kaz) Kp'Ka)

2
Ka)+ Kaz) KP'KCO 4J /
20 a2 J K

poles = —
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Speed Control

|deal torque source and speed sensing

Load Torque

Torque ref _
il |:K 1 £ 1 jpeed
1 J.
Speed ref Speed Ctrl Torque Squrce Inerfia
@ K 1
Closed system: — = W = 7
(4] sJ + K w 1 + s
w
Roots: K,
S = —-————
J

i.e. any bandwidth possible, ... but then

© Mats Alakula

is no longer true ...
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Example 1

- T,,=0.001;
- J=0.038;
« Select k,=100;

« High gain + Unlimited and

oooooooooo

TTTTTT

- f. .t I f t t q
y With these switches you can select
ifthe Torque urce model and / or
the Speed Filter should be engaged .

© Mats Alakula
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Ttc=0.0005;
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Conclusion 1

<) SpeedScope
ZHBE Lee adBEBE a %

» |deal conditions leads to a too
fast speed controller. The torque
source is not as fast in reality as
it seems in the simulations.

« Try limiting the torque source in
amplitude and dynamic responce
time.

— Simplest: LIMITED 1’st order time
constant!
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Example 2

» Introduce a torque source, EE
LIMITED in dynamic response - _
time AND amplitude! B I

e e el | O

Step Torque Speed filter SpeedScope
Source

Soll___ s

With these switches you can select
ifthe Torque Source model and / or
the Speed Filter should be engaged.

Yy
—
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Conclusion 2

 Now the responce time is much
longer, and oscillatory when out of
torque limitation ...

Speed Fislerence (yallow]. Real Spesd (magenta) and Measured Spesd [oyan]

« What is a suitable gain?

— Derive the gain based on the assumption
that the torque source reacts like a limited
1’st order time constant

Torgues Refersnce [veliow] and Torgue enta]
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Speed Control

Torque dynamics as first order low pass filter

Speed ref

T
e

Load Torque

Closed system:

Roots:

Non osc. roots ->

© Mats Alakula

Torque ref ]
4’% T,.s+1 f_s Spegd
Speed Ctrl  Torque Source Inertia
kW
o _ J-T,

L Tl . kaT Limited k,, gives

1 —— stationary error
Tor, \/4 77T with P-control!!
0 -

4-T,
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Example 3

T, = 0.001

J=0.034 BEE RR GEESe

Select k,=J/4/T,.=9.5, [ "—= b e

Yyvy
—

With these switches you can select
ifthe Torque Source model and /or
the Speed Filter should be engaged.
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Conclusion 3

* Dynamics is realistic and the
control system stable.

 What about stationary errors?
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Toad torque can be:

« Constant
* Linear to speed

« Quadratic to speed.
— Try with constant 5 Nm

 What happens?

© Mats Alakula Power Electronics / Speed & Position Control



Example 4

T, = 0.001;

J=0034 e

Constant Load Torque 5 Nm

Select k_=J/4/T, =9.5 R
il o

With these switches you can select
ifthe Torque Source model and /or
the Speed Filter should be engaged.
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T 0.0005
Tf=0.01;
Kp=100;
Ti=inf,



Conclusion 4

 With P-control and a "non-
zero” load torque, the will be
a stationary error.
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Solution to stationary error, Pl-control

Control error e =y *(t)— y(t)

u(t) =K , -(e(t)+ Tl—ije(t)dtj

1+ s7;

u(s) =K, e(s)

T
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Digital Pl controller

n==~k
u(k)=K , [ *(k)—y(k)+T—Z(y*<n)—y(n))]

I n=0

’ﬂ"ﬂ

2 V) = y(m)) = i (6)

u(k)=K , - (y* (k)= y(k))+ uin (k)
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Example 5

« How does the integrator react - b _

to the torque source
limitation?

ooooooooo

e Try with integration time [T > o [~155,

T, = 0.1 second? : o

\2R j
i

j
I

Thisisthe Pl-controller.

Examine the contents of it With these switches you can select
by opening it. Right-clic and ifthe Torqu S rce mode I nd /o
select "Look under mask". the Speed FI h uld be aged.

© Mats Alakila Power Electronics / Speed & Position Control
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Conclusion 5

» With the torque source limitation, e ——
the integrator integates "in vain”.
The result is unstable!

 The problem is called “windup” of
the integrator

e The solution is called “Anti
Windup”
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The torque source is limited

« Often speed dependent, e.g.
“field weakening”

A

Torque, Flux

Voltage, Power

»
»

Speed
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Analog anti windup (= history)

=
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Digital Anti-Windup

win (k) = K g— S () = ()

n:

u(k)=K , - (y* (k)= y(k))+ upn (k)

if u(k)>upax or u(k) < up; then
u(k) = umax or u(k)=umyp
Uing (k) = ujne (£ —1)

end
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Example 6

 Introduce Anti-Windup and run - e g e _

again!

>
J=0.01;
Load Torque T1c=0.0005;
T1=0.01;
Kp=100;
Ti=inf;
l-[: : [
h
|
Step Torque Speed filter SpeedScope
Source
o—<—

Yyvy
—

With these switches you can select
ifthe Torque Source model and /or
the Speed Filter should be engaged.
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Conclusion 6

« With integrator "Anti Windup”, the
result is stable.

‘Speed Referencs (yelow]. Feal Speed (magenta) and Messursd Si

* Note that the torque settles at the
load torque, 5 Nm.

~ Torqus Reference [pellow] and Tarqus (magents]

« BUT, how do we set the control
parameters?

© Mats Alakula Power Electronics / Speed & Position Control



Speed Control

With Pl speed controller and 1’st order torque source

I_

Step

i

Proportional |ntegrating

T:s+1
T:s

Torque ref

—P

-1
Tt(.'S+1

2

Torque Source

i

-+

—,

Load Torque

1

\pe

ed

Js

Inertia

o(s) _

K,(l+s-T,)

3’rd order, how do we solve for the roots??

© Mats Alakula
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Symmetric optimum:1

1+ s5-T:; 1 1
I G(s)=K L. .
Open loop transfer function =Ko =TT, 5

~ Bode Diagram
m
S S0—_]
® T |
B o T T T
cE» 1 ! 1 I ——
@ -50 — [ =
= T; | T

210 i «
= 120 D]
=
2 /
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18y 16 & 1

Frequency (rad/sec}

Select k, to maximize phase margin
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Symmetric optmum:2
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Symmetric optimum:3

2

Close loop characteristic equation: «*-/-=5+ s> -7, +s-a; + 7= = 0

i

a

One root: s=-®0 =~

1

2

Polynomial division gives: > -5+ s7,-“=+1=0

Other roots: Sz,3=—wo(fi 52—1] £==

a =73
Example z = 1, i.e. no complex poles: Iy =9Tg
J
K, =
3T,

© Mats Alakula Power Electronics / Speed & Position Control




Conclusion 7

-} SpeedScope
ZB Lo ABE a

. Speed Reference [vellow], Real Speed [magenta) and Measured Speed [cyan]’

«  With the right control
parameters, the result is again
stable, with no stationary errors

Tarque Asfersnce (vellow] and Toraus (magenta]
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Example 7

« Try out oscillatory roots

$2,3 = —wo(fi\/fz —1j
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Noisy speed signal...

A filter on the speed signal gives a 4’th order system.
-  How to design??

The engineering solution:

1. Note, it’'s not the speed, but the filtered speed that is controlled !
2. The filter time constant is usually much longer than Ttc !
3. Replace the fast torque dynamics with the slow filter dynamics and

design as with symmetric optimum on a 3’rd order system.

© Mats Alakula Power Electronics / Speed & Position Control



-} SpeedScope

Sh LS AEBE B A%

Example 8

« Filtered speed signal, T,= 50 ms
— Non-adjusted parameters

* Adjust parameters:

m
£ o0 #iEE

peed (o I

Toraue Risference ellow] and To
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That’s all folks...
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