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Control of Electric Drives
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Eastbz;{/arian Technical Universi.ty of Applied Sciences www.oth-regensburg.de
« 11,000 students

« 8 faculties

Faculty of Electrical Engineering and Information Technology
* 1,500 students
* 3 Bachelor and 3 Master Courses
Prof. Anton Haumer
« Courses in Electrical Drives
e Courses in Basics of Electrical Engineering

* Courses in Modeling and Simulation with Modelica
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Agenda

e Introduction

e Machine models

 (Cascaded control

» Current controller
« Speed controller
e Position controller
e Outlook:
« Field weakening
» Field Oriented Control

References
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. ®
MSL Machine models i
plug_sn plu.g;_s;.a‘.‘ -

4 5._:seqda:-s::]-s

* Modelica.Electrical.Machines

« DC Machines QS and Transient i,
« 3 phase transformers QS and Transient
e Transient 3 phase machines, o) cﬁ @
iz &j
based on space phasor theory &5

e Induction machines

abe; 24 dwep
=
.

e Synchronous machines

QS=QuasiStatic = without electric but with mechanical transients
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plug_sn plug_sp

MSL Machine models

-

¢ Modelica.Magnetic.FundamentalWave and
QuasiStatic.FundamentalWave .
 multiphase phase machines
e Induction machines ’ :_- . Lﬁu @

« Synchronous machines T

« Based on rotating magnetic field : % ;) | @
« Same parameters, connectors, loss models : '

compared with Modelica.Electrical.Machines - -
y s

. ertaStatog

 Number of phases m >3, m # 2" T
5

"
/A.

Ready to be combined with power electronics (inverter) and control
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Control of Electric Drives

» Easy to understand: permanent magnet DC machine
FOC for rotatory field machines uses the same principles!
« Common approach: cascaded control
« The loops can be set into operation one after another
* We have to take into account limitations:
e DC voltage is limited (e.g. by the battery)
e Current is limited (by the power electronic devices)

e Speed is limited (mechanically, by the machine)
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Permanent Magnet DC Machine

I Ra La
B
- Hil—
h‘ Izk‘I}IA
R.1, Ldl,/dt C)l vk Do
Va
T-T =) do/dt
O
L, Vi =V dly
Ty =— =1+ Ty —
A=R, - 3 a1t 1y at
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Drive

Drive = Machine + Inverter

(voltage source with dead-time)

Dead time approximated

by first order

Measurements

Communication: drive bus

Parameterization:

data record

driveBus

)

mat_f|

mot_p

flange

SUPpOrT;
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Load

e |nertia

e Linear speed dependent torque

 Switched on at startTime

speedDependentTorque

N

wi_rel
]
torque r|1SpeedSensi|r inertia flange
L 1
tau FI7N T
J=JL
int.i'
support]
. fixed (if not useSupport]
(if useSupport) .
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Test the Drive (without Control) |

Hands-On: Example VoltageSupplied

—— drive driveBus.iAct
400

referencevoltage

3504
3004
2504

200+

A

1504

1004

jy—

stanTime=0.1

stopTime=1.0, IntervalLength=0.001
referenceVoltage.height=data.VNom

50+

04

-50 T T T T

0.0 0.2 04

0.6 0.8 1.0
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loadTorque

Current Controller F\

s |

inverter + machine

e Take care of . o
current filter Sy = - -

T=data.Ta k=data kPhi k=1/data Jtot k=1

=diata kP
ndvattage

(current ripple)

InadTorque
data \
current controller ()

inverter + machine

referenceTorque| tau2i currentContraller| _inverter current speed position
currenterror voltageDift
’7 |y f_' LIy f—' f—r / . /
& torqueDiff
starfTme=0 T=data T T-data Td T-dataTa =aata kPhi k=1/data.Jtot =1

k=data kFhi

smocthing
T=data.Ts|
{eedForward
Tdata kPhi

indvoltage
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Current Controller

hets _ o _ 1 1 1 11 1
VRef - P S_(1+5Td) RA (1+STA) (1+STSI)_RA (1+STO-)(1+STA)

Controlled system: second order (small time constant T, = T; + T;)

Pl-controller

_ VRef _ 1+ STiI

GC pl

B IErr STiI
e Feed-forwardof V,=k-®-w

e Limit the output voltage - anti wind-up
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Limited PI-Controller

« Limiting the output doesn‘t prevent the integrator from working

« - called ,wind-up®“ > We need an anti wind-up action.
e Feed-forward * S BOer

™k y
' b & / >
adadAntwindup integrator P 1

Lo 1 uMax=yMax
O
—P

-1k

Noeqpas)

;

feedForward
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Parameterization of the Current Controller

kpl 1+ STiI
RA STiI(l +ST0-)(1 +STA)

Compensate the larger time constant 2

Go = GcGpGs =

Ly
Ty =Ty = R_A

e Goal: smooth command action - absolute optimum

IAct

=1

| GceGpGs
14 GcGpGs

IRef,S
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Proportional Gain of the Current Controller

G( ) GO 1 S=j(1) 1
S = =
LG 14 Ry, (1457,) 1 - w2 JAT,T, + jw AT,
pl pl pl
‘ Go |° 1
1+Gy| 2 2
oF 14 w2 [(,f—f‘ TA) - zlf—ATATUl + ot (,f—A TATU)
pl pl pl
R« \° _R T, L
A A A A
—T. —2—T,T,| =0 k,y=Rj—=—
<kp1 A) kpl A a] ~ A ZTO’ ZTO’
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Resulting Command Action of the Current Controlled Drive

IAct — IAct,s . 1 1 + STSI

Ines Irey Gs 1+s2T, +s22T2
Compensate the numerator‘s zero with a first-order pre-filter.

TAct _ Lyce _ 1 ~ 1
Trer Irer 1+ 52T, +522TF 1+ sTgy,

Teup = 2T,

A.Haumer / 2017-06 Modelica Conference 2017 p16




OSTBAYERISCHE m
TECHNISCHE HOCHSCHULE
DS A - MODELICA

ELEKTRO- UND
INFORMATIONSTECHNIK

Current Controller

 Parameters calculated %

in the data record

referenceLimiter

AN

uMax=data.tauMax

tau2i preFilter controller
controlErrol g"
> /J R / 8
- &
k=1/data kPhi —
e
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Test the Current Controlled Drive |

Hands-On: Example CurrentControlled | Lol

drive_driveBus.iRef drive_driveBus. iAct

90

reference Torque

80+

704
slanTime=0.1

60+

50 stopTime=1.0, IntervalLength=0.001

404 referenceTorque.height=data.tauNom

[A)

currentController.data=data
304

20

-10 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
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Speed Control

System under control=current controlled drive + speed integrator

G Wpct TAct 1 1 1 Wy 1
D = = . = . —_ .
TRef  TRef Sltot 1+ STsup Sleor T STm(1 + STsyp)
Mechanical time constant et il == F\
current
_ wN control
Tm = (]m +]L)T_ """ej/
N referenceSpeed  slewRateLimiter preFiter speedController ceDri speed position
[t/ *{f i e
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Speed Controller

* Pl-controller
e Limiting the output (torque limit) 2 anti wind-up
» Feed-forward not possible (load torque a-priori unknown)

. 1 +STiw
¢= "o STi

1+ sT;, wn 1
sT; Tty STy (1 + sTgyp)

GO = GCGD = kpw
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Parameterization of the Speed Controller

Goal: compensation of disturbance = symmetrical optimum
+ Stability according to Nyquist:
arg(Gy) = — + arctan(wpT;y,) — arctan(wpTsyp) > —T
e Phase response symmetrical w.r.t. gain crossover frequency
|Go(wp)| =1
« Standard choice of parameter a = 2 from: ref. transfer function =1

¢ Phase margin

dlarg(Go)] Tiw Ters 1
arg(Gy) — max: = — =0 - wp = —
g( 0) dw 1+(wDTi)2 1+(0-’DTsub)2 b VTiwTsub
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Parameterization of the Speed Controller

2 1 a 2

Ty, =a 'Tsub_)wD:a_—Tb:Tf_)Ti =a” " Tsyp
su i

. Wy aTsub MN Tm ]tot

1GoGwp)| = ke - —- =1 > ky,=—2- _
0(] P pe MN Tm pe Wy aTsub aTsub
1+ sa?Tey
Gy = GG =
° <P SzasTszub(l + sTsup)
Wyct _ GCGD 1 + Saszub

Wrer 14 GcGp 1+ 5a2Tgy, + s2a3T2, + s3a3T3,

Compensate the numerator‘s zero with a first-order pre-filter.
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Speed Controller E@

w=data ot

Wyct GCGD _ 1 | 1

Orer T 14 GeGp 1+ SATgy, + 28T2, + s38T3, 1+ 54Ty,
- Filter reference speed with by ,ramping“ (SlewRateLimiter),

i.e. limit necessary torque for acceleration / deceleration

P =\
OIS |
sngeAup
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Test the Speed Controlled Drive |

spesdControlier

venter

Hands-On: Example SpeedControlled

diveBus
currend } T w
—— drive_driveBus . wRef —— drive_driveBus wAct
800 o

{\ referencespeed
700 \/ J—
600+
stanTime=0.1
5004
stopTime=1.0, IntervalLength=0.001
= 4007 referenceSpeed.height=data.wNom
£ 3004 slewRateLimiter.{Rising=data.aMax,
initType=initialOutput, y_start=referenceSpeed.offset}
200+ currentController.data=data
1004 speedController.data=data
load.startTime=0.5
0_
-100 T T T T T T T T T
0.0 02 04 0.6 0.8 1.0
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Position Control

System under control=speed controlled drive + position integrator

Gn = Pact _ 1 1

p = — P

Wrer 1+ 54Tgyp s
position controller speed controller ’—< start 2

ats
Siemen
current
control
drive
referencePositior| positionController _PreFiller speedControler|  coDribe spesd position

positionError speedErmor o8
Reapela - dE- - - Eq
= " torqueDiff

A A
k=data.kpP T-data.TIW T=data Tsub k=Tidata ot =]
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Position Controller

System under control has integral characteristic

- P-controller is sufficient

Pace __ GelGp  _ 1 _ 1
Pref 1+GcGp 14 Ski + 52 4Zsub 1+ 29Ts + (sT)?
pP pP

Avoid overshot over reference end position >

1
9=——o—>1 > kyp<

v 1 6ka Tsup

16T5yp
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Position Controller

referenceLimiter

e

uMax=data phivax

Reference position limits:

preFilter

use PTP source

controller

sngaALp

controlError .
I o .

g [

+ Speed limit —>d—‘f

. Torque limit — &2 .
ac?

B cer)
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Test the Position Controlled Drive |

Hands-On: Example PositionControlled

—— drive_driveBus.phiRef —— drive_driveBus_phiAct
3000

2500+

20004
lag error

1500

[deg]

1000

5004

0

-500 T T T T T T T T T T T T
0.0 04

cumentController

referenceFositon

pasiionControler

speedConiroler

curent B

stopTime=2.5, IntervalLength=0.001
referencePosition.height=50

der2Limiter.{vMax=data.wMax, aMax=data.aMax,
initType=initialOutput,
y_start=referencePosition.offset, dery_start=0}

currentController.data=data
speedController.data=data
positionController.data=data

load.{speedDependent=false, startTime=2}
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Field Weakening

WhenV, =k-®-w+ R, -1, reaches voltage limit:
flux has to be reduced > field weakening
» Electrically excited DC machine: Excitation current controller

similar to armature current controller:

A Ly dg

=g +—-
Ry B Ry dt

« Some adaptions in controllers due to CD~%.
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Field Weakening

Base speed region Field weakening

¢ = const. ¢~l
W

V~w V = const.

I = const. I = const.
T = const. r~l
w

P~w P = const.

Power electronics defines current limit 7,5 = k * ® - Ihax

Maximum torque of the machine Tg,eqk Down~®>
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12 16
14
1 o
"‘_' 12 2
08 3 ) _‘:'
0,6 08 2
........... ph . —
/ / -------- v 06 _". / ------ Pmax
[ S /& S . 4
/ 04 /
0,2 /
02
o o
Q 0, 1 15 2 2, 3 Q 05 1 1, 2 2, 3
16 3
14
25
\)
12 \
1
. 2 LY
L A
~ \
08 1, \‘ e V]
— | A Y
SN b ] e Mmax
w0 e e ., R
! D
04 ."’.7'...‘
s f——+ L Pe=x S3aess
0.2
] 4]
[} 0, 1 1, 2 2, 3 0 0, 1 15 2 2 3
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Field Oriented Control (FOC)

« Based on space phasors:
. 2 /. . .
i=(ig+a ip+a*i)

- Animation of rotating field

e Orientation with respect to magnetic field >
* Field current i, like Iy excitation current
« Torque current i, like I, armature current

e Same control principle as DC machine!
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EDrives Library

FOC of rotatory field machines with arbitrary number of phases m >3
e Ready to use

e induction machine with squirrel cage

¢ permanent magnet synchronous machine

« synchronous reluctance machine
e Controller parameter calculation in data records

 Quasistatic machines and inverters

e Transient machines and averaging inverters

e Transient machines and switching inverters

> www.edrives.eu
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EDrives Library

tverter
[ |
=
SMPW
dcSource driveData
—_—
SMPM
drive
wRef whominal speedController
((g)) J=driveData JLoad quadraticSpesdDepend...
offset=0 k=driveData.machineDat...
inertiaLoad
machine
Contact: http://www.ltx.de/english.html
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Thank you for your attention!

Any questions?

anton.haumer@oth-regensburg.de
anton.haumer@edrives.eu

This work is licensed under the Creative Commons Attribution-ShareAlike 4.0 License.
To view a copy of this license, visit http://creativecommons.org/licenses/by-sa/4.0/
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