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AC Drive )
(AC)
[ AC Drive )
/
VVVF | Variable Voltage Variable Frequency
FC Frequency Converter
VSD Variable Speed Drive
ASD Adjustable Speed Drive
AFD Adjustable Frequency Drive
VFD Variable Frequency Drive
[ AC Drive )

U%FH%! wn{j %
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1.k U

( ACDrive & AC Motor )
1.DC AC
A Compact
A
A
A
2. Fan, Blower Damper AC Drive
A
A Trip
A
A
A
A
A ( ; 5~6 )

PLC
Fan, Pump, Blower

Crane, Hoist Conveyer /

o To Do Do



2. Electric Motors

Electric motor

With permanent

magnet
DC Motor
Without permanent
magnet
Asynchronous
AC Motor —
Synchronous

Wound rotor
Induction motor

Squirrel cage rotor

Synchronous
reluctance

Reluctance Switched

reluctance
] BLDC(EC)

Interior mounted
magnets

Permanent magnet Surface mounted
magnets



2. Electric Motors

Air Gap

Steel Laminations

Sy R
7 7

&b, < ////////

Conductor Bar

< Stator > < Rotor >
Stator Rotor
AcCore( Lamination) Coil Winding AcCore( Lamination)  Coil Conductor Bar

A :

" Power and Torque )

pots 22PN, (T20)

Power[kW] : (1 hp = 0.746 kW, 1 KW = 1.341 hp) 6021000 9550
Torque [Nm] :  Shaft (IN- m=0.102kgf- m, 1kgf- m=9.807N-m) T = P 3 9550 _ J33 V, 313 cosd? /7)3 9550
n 1203 f/p3 (1- s)

< The typical industrial standard rated output power in [kW]and [ hp] >

018 025 037 055 075 1.10 150 220 300 400 550 7.50 11.0 P:PO""er["W\l’ T:Torq“e[Nm][’\/rl‘zlspeed[RP'\[’E\]
p: YLL: ,:

1.00 200 3.00 500 7.00 1000 15.0 &= cosé=
150 185 220 300 370 450 550 750 900 1100 1320 160.0 200.0
20.0 300 400 500 600 750 100




2. Electric Motors

[ AC and DC Motor )

DC Motor AC Motor

A : (armature ), (commutator ), (brush) A (Stator) (Stator)

(field poles), (frame) A AC

A ADC

A : ( DC / ) A
( Motor )

U%

A P (B) :

0) | |
A (F)
a) Generator principle b) Motor principle
< >



2. Electric Motors

< Pole, Synchronous/Asynchronous Speed )

f3 120
0o — f = frequency[Hz], n 4= Synchronous Speed[RPM], P = Pole number
P
Pole number 2 4 6 8 12
N [min -1] (50Hz supply) 3000 1500 1000 750 500
Ny [min -1] (60Hz supply) 3600 1800 1200 900 600
A Synchronous . rotor speed = rotating field speed
A Asynchronous . slip wtytwowxujji %U0%wtyfynsl %knjqi %xujji %
P4
(Shaft Power)
, components, material, size(rated power),
Copper loss
Iron loss
P out Fan loss
d=-2= Output power Friction loss /_r
P,  input power

< Typical losses in the motor >

P>
Shaft output



2. Electric Motors

(2.2 |
< Motor - ) R .

Al 1 1 Al
A , B2 C2 B2 C2 B2 C2 B2 £ C2
| - Ay (7 5 A
(rotating magnetic field ) : Q > @
; C1 B1 C1 B1 C1 B1
a Rotor , B, RS B, NS B R
Rotor A2 A2 A2 A2
: B2 c2 B2 @. c2 B2 l. c2
E Rotor Conductor Bar : | | | |
€ . . C1 B1 C1 % B1 C1 B1
g (8 g 7] ‘& (N ’
A A2 - A2
9 2.
R
/C?E 12

Motor Windings

I1k 1
Cc2
\ o
B1

1
0

*d
(V)

2-Pole Stator Winding

<3 Winding

", — Magnetic Field of Coil A1

[
[
[
[
[
[
[
[
I
[
[
[
|
[
[
[
[
[
[
[
T
2

A A
Rot Rotor Conductor Bar a B C ’
E; 5a% ,C
; 5a%
e 3

< Stator Winding Rotor Bar > < Winding Rotor Bar >



2. Electric Motors

=3/
- - @3 =1/2 (I)max_ g03= @max. 90 2 @max.
(rotating field) ‘ 2 1
| $=3/2Pma ¥ =73CI) max
A 1 V. — X. -
A (12 22 37 JIF ( €®5s g, =% A
_ K= » (alternating fields) b > (Chax) 1.5 L M2 Pp= 5P max.
A @o=12Pmax.
A
Motor Current Torque
q
< S“p, Torque, Speed > T Ng, Tg (Break-down torque)
Ng=ny*2/3
Induction Motor :
(n,) Rotor  (n,) Slip(s) . \ /| N TN (Rated torque)
(p= , f= , Np= (Synchronous speed), n = ) 0. Ts ng, 0
|
Ny - N 1203 f 12053 f s 0 L n
s=—2—" n,= n, = 3 (1- s) [rpm] So 1 — 0 ~ Mo
Ny p p ! —>| Slip
1
T =F3r (T=torque, F=force, r=radius ) _ Braking B Generator
Tg :starting torque N _ o >
T, : stall torque Starting  Operatinp \-/
) range range
Ty :rated torque
ng : stall speed Id >8xl,
ny :nominal speed 0.1 -
n, :synchronous speed e Ny, | y(Nominal current |
[y :nominal current T
I, :starting current
T, lg
s 0 | 1 -0
So 1 1o No




2. Electric Motors

-l
l91 qu Xn | | R D 1;38 xRy
_____ H
A (U1) , l,(stator)  1,(rotor) , Ri(stator)  R,(rotor) Xi4(stator)  X,4(rotor)
A , ransverse resistance  reactance R, X
Ree
X =23 p3f3L
( X =reactance [y ], f=frequency [Hz], L =inductance [H])
Standard operation
Slip rotor R,
R, x (1-8)/s .
Rotor = Ry( ) + Rx(1-s)/s
No- load situation Locked rotor situation
slip . slip . Ryx(1-9)/s
, R, x (1-8)/s Rotor Locking slip 1

rotor



2. Electric Motors

\ ) n= (1-s)xfx12o0
P
| : | l
A (- pole- changing motor) — — (1' 5)3 f3120 No. of pole pairs Slip Frequency
A Slip ( : slip- ring motor) My =Ny = N = p |
A [ |
Rotor Starter voltage
[ ]
. Cascade
Resistance coupling
Pole number control
’ Frequency regulation
RPM
3600 ....................... .. A /
1800 ° o T A
1200 [ 77T TR " b
900 [T p p -® PAREIIEN e
| R R \‘\\‘L' Q,Q\\\{L QQ\Q' \\\6@?\1/
2 4 6 8 O & W
Slip control
Slip
Astator
ARotor control 25% 50% = 75% 100% n
- (slip - ring)

- slip- ring



2. Electric Motors

\_/’j

-( NAE% )
1 C o) . 1) 50Hz 3 AC
~Motor 3 ~ 50 Hz |IEC 600346 J 2) 15kw
No.
2| 7 3) 400V, 27.5A, Y
B 15 KW 2910RPM 4] )
3\ CI.F COS @ 0 90*\6 4) 230V, 487A, e
[ |—200V]" A (171 —230V 5) IP54
T 21541 & BT AN, 6) F(155C),  0.9(cosE)
Cat. No. [ 1P 54] kg 7) 2910RPM(2 Pole) , ,
@ \ o 8) IEC 60034 6
\
5
[ Motor Y [é ] {‘\
U1 Vi W1 U1 Vi w1
A
w2 U2 V2 W2 U2 V2
Y S A
A
, A
Ipp=v3xIp
L — A
Upp
|
L2 Y p A
A
L3 A
S A




2. Electric Motors

[ 2.3 (Synchronous motor) J

U % Rotor Stator

Saliency I |

SynRM  Synchronous reluctance motor( )

Sl z
2 %

w

B PMaSynRM  Permanent Magnet assisted Synchronous Reluctance motor

( )

g@ E IPM

Interior mounted magnets

3
'l\hﬂt’\‘ ! ( )

| .‘)’ {\“ SPM  Surface mounted magnets

. A\ANG w )

Induction Motor 4 ap > 0‘)’ \‘0

| v 4

1 SNy, ; '\}( 4 .

7//“\\§ 0.5 1 Tpm/Ttotal ( / )

Magnets Magnets

“Resulting”
magnetic field Rotor

“Resulting”
magnetic field

Stator Stator

y—\

a) SPM = Surface Placed Magnets b) IPM = Interior Placed Magnets
(Salient magnetiv field) (Non-salient magnetic field)

SPM IPM



2. Electric Motors

( (Permanent Magnet (PM) Motor) )
<PM >
R X
A Rotor L .
Ui Supply voltage — Pl
AStator Rotor Iy Stator current
A Rotor ) up Voltage generated by permanent
magnets
ARotor Stator (Back EMF) R, X, Describesthe coils in the stator U1 U, <~>
A using X; = X;h + X,0.
A Slip, Rotor Rotor °
Synchronous Motor )
Brushless DC (BLDC) Motor Reluctance Motor 8 0015 = e
ARotor A (Magnetic reluctance or resistance) oo L S O I A
A , A , , %
A 10kW A R /4N S O
APm Asaliency ratio . A A S
A ‘ )Sa;lie;lcygratbio (rLd,;Lq‘i ’
Line Start PM (LSPM) Motor
A ( +PM ) rotor /'\
) -____/

A 10kwW ~“"., "" a : S \\// \ = Tcage

‘:‘/\".‘ 'd}\‘:»_ s \ === Tmagnet

:; :: o ? = J TLSPM

".'>II4~.~~ \ /‘__—f 'S:U

Speed



2. Electric Motors

Synchronous Reluctance Motor with Squirrel Cage
Astator , Rotor Gap . end winding

ALPSM
A 10kW ,

Synchronous Reluctance Motor ( SynRM)

Astator , Rotor
A , AC

A rotor

A Ld Lq

Permanent Magnet assisted Synchronous Reluctance Motor ( PMaSynRM)

ARotor weak magnet ( )  SynRM

A IPM
- IPM reluctance , PMaSRM reluctance

Switched Reluctance Motor (SRM)

Astator DC

ARotor pole  Stator pole ratio

A

ANoise dynamics

6/4 pole 8/6 pole

( Medium Voltage Motor ( ) )

A Power Cable current

A
Amv 2.3~13.8kV, 0.2MW~40MW : 3.3~6.6kV, 1~4MW



3. AC Drive

A AC Drive : (: 400V/50Hz2) ( :0~400V/0~50Hz)
A AC Drive 2 : Direct Converter (intermediate circuit) AC Drive
Frequency Converters

Direct converters —L Converters with

intermediate circuit

Variable Constant
|
[ ] |
CSl PAM PWM
V
Current-source Voltage-source
frequency converters frequency converters

l-converters U-converters CSl: Current Source Intverter

PAM: Pulse Amplitude Modulation

PWM: Pulse Width Modulation

( Direct Converter )
, MW )
A 50Hz ( 25~30Hz)

A
A



3. AC Drive

< (Intermediate Circuit) AC Drive)

SIHyzx3%lHnsps
A 2 : Constant intermediate circuit, Variable intermediate circuit

1 singlePhase
——

Intermed. > v
circuit ]
=
-—
A 9 ]
e w

fR—
Three Phase

Un-controlled Semi-controlled Fully controlled Active Front End

f Variable Constant
Y o
@
E
o
£
1) (Rectifier)
9 10
3 AC DC Il -
. »-n-o-!r +
A uncontrolled a semi- controlled yYyy ‘I ‘| ‘|
E fully controlled e active front - end Yy ¥y ‘I ‘| ﬂl
HHH
2) (Intermediate circuit) LT ) ! !
A DC <Fig 3.3 Main component topologies >
a DC Configuration:
Configuration example Abbreviation Reference to components in
3) (Inverter) Hg 2
Pulse amplitude modulated converter PAM lor2or3and6and9or 10
DC AC Pulse width modulated converter PWM lor2or3or4and7or8and9or10
4) (C ontrol circu it) Current-source converter (&) 3,5,and 9

<AC drive configuration examples>



3. AC Drive

( 3.1 (Rectifier) J
AC Drive Diode, Thyristor , Diode+ThyS 1 %NL GY
A 30kW uncontrolled 6 , 30kwW semi- controlled

. Uncontrolled Rectifier )

Uncontrolled Diode
Diode U
A Ft P =
A
A AC DC

Uncontrolled 3 (B6- Diode Bridge) 0,101 | +A) U
A6 Lo M/W\
: 09~12 )

A 1/3 (120°) tzc T I R T c:J>t
C
A DC 3 1.31~1.41 RS P
4 6 2
A ( interference - -(B)

( Semi- controlled Rectifier )

. . u U D; 1D, | D
Uncontrolled Diode Thyristor (SCR) G ’ Ve ¥ Y W
A [j K Lo
A SCR + - L2C
wt wt L
30

A uncontrolled . T AT AT,

|
SCR -
A Ft P .
A Gate Oon ,FtK Off




3. AC Drive

¢ Fully- controlled Rectifier )

.

Fully- controlled Thyristor (SCR)

A Gare 8 A J"A
A SCR

A SCR

U, =1.353 U

3 cosU

mains

< Active Front- End / Active Infeed )

DC

A AFE(Active Front- End)
A

A

A AFE

AIC(Active Infeed Converter)

(LCL Filter)

’1

] 1+

] [+

ON




3. AC Drive

(3.2 (Intermediate Circuit) J
Intermediate circuit
A /
A , (interference)

Variable Intermediate Circuit

1) Variable DC intermediate circuit 2) Variable DC Voltage intermediate circuit

ASHmt pj SWj fhyt ws AChopper
A AC (1- Converter) AChopper DC
u + - _ U SRR
? 4 00 O
t fou o I — . l N - l
u Uy _3_
Constant Intermediate Circuit t -t
A (Choke) ; :
A . DC ,
A : Smoothing, (harmonics) Common DC Bus
'WVVI‘W ’ 000 Brake chopper
Rectifiers Inverters (optional)
controlled t Uz - Up variable amplitude ¢ | | 1 |
7! CARIATARE ol

- i 3 3 3 3 3 3 3
—_—{ O —————ee :
uncontrolled t constant amplitude t : T + (m (m) é"; @ (m)



3. AC Drive

[ 3.3 (Inverter) J

AC ’ AC . I fo=1.5kHz
0
A AC (IGBT) . —
I L'
( turn on/off , kHz ) jﬁ“
A - g
W
o *l\\' fp=3kHz
/1
1 SlrEI'e_Phase
E X fo= 12 kHz
/
2 *
Three Phase
Un-controlled Semi-controlled Fully controlled Active Front End Wt
< >
Variable Constant
MOSFET IGBT LTR

Intermed.

Symbol
9 T 10 s 6 s s G s
gass * ~{ «| ﬁ |~_+TT‘[|~_+J |~_»|J‘| =
yvy Design :. :-
Yyvy N N
HH-H —{ *I *{ 1 1
N — D D
ol ol | |
T _— High High
<Fig 3.3 Main Component topologies > Losses Insignificant Insignificant
Blocking conditions
. o Conﬁguration: . Upper Iir?'m Low High Medium
Configuration example Abbreviation Reference to components in
Fig.3.3 Switching conditions v i i
) Turn-on time Short Medium Medium
Pulse amplitude modulated converter PAM lor2or3and6and9or 10 Turn-off time Insianificant Medium Low
Losses 9 Medium High
Pulse width modulated converter PWM lor2or3or4and7or8and9or10
Control conditions el
Current-source converter (&) 3,5,and 9 Power Voltage Medium High
Driver 9 Voltage Current

<AC drive configuration examples>



3. AC Drive

(3.4 Modulation J
2 modulation
A PAM (Pulse Amplitude Modulation) U A U
A PWM (Pulse Width Modulation) %
U, + Uz
PWM -
=t = 1
2 AC PAM PWM
A 1 %S S
PAM 1001
0.866 -
A AC
A Uncontrolled/Semi - controlled + Fully controlled u-v u-w W-U
A 0501 /7 2 =
A i
X\

PWM 0 \'s0 I\ 300/ ] 360
A | | Iy \
A . 0501 "
A , PWM AC 86.6%

- peak DC-link % |, i3 (86.6%) -0.866

) ’ 13% -1.00 -

m Switching pattern of phase U

=== Phase voltage (0-point # half the intermediate circuit voltage)
==== Combined voltage to motor

<OQutput voltage PWM >



3. AC Drive

| SFAVM )
N
. ) 1,00 1
Stator Flux- oriented Asynchronous Vector Modulation
( )
0,50 -
A (Space- vector modulation)
A L
0,00 -
N
' o A
1 0 0 0.50-
010 101 = l_‘
- j -1,00-
011 001 ol vl w 1
4 o - <Inverter Switch States > Switching pattern of phase U
K 60 AVM ) " Phase voltage (0-point # half the intermediate circuit voltage)
™ Combined voltage to motor
Asynchronous Vector Modulation ( )
A 1 60Cn \ | OAv 1)°
A SFAVM o" N 'E 60CAVM &
A 60Cn \ 9, 60C 4 Tt :
v
y o T AL AT
Vi |- L L{60°- AvM v ["TITTCIILALLL (OO TOnerCme e feoe- avm
W " L ) w Il (TTTTITE0EN DT M
U | rn o TTTTTTTTTTTTTITTTTT VL L L LT TTTTTELLULLLLLEEL LR
V| L1 -, L|[sFAvm v TTTTTTTELALLLL LN T rCCLLLLLLLLLA L TTTTITTITIN s v
wr u w QRO RERR A EREERSRRTERRRLLRRRCORRRRRERRRIY o
t(s) r T T T 1
0.2450 0.2452 0.2454 0.2456 0.23 0.24 0.25 0.26 0.27

<60C ? T&K SFAVM Switching sequence e x >



3. AC Drive

(3.5 Control Circuit and Methods J

AC AC
A A Simple(Scalar) without compensation control ( ) 1:15
A Open/Closed Loop Speed Control A Scalar with compensation control ( ) 1:25
A Open/Closed Loop Torque Control A Space Vector control ( ) 1:100(0)
A A Open loop Flux (field - oriented) control 1:1000
A Closed loop Flux (field - oriented) control 1:10000
A Servo- controlled systems 1:10000
[ms] A
A
[ms] 4 0.1
Flux-vector
without feedback
1 1 Flux-vector
() with
qEJ £ feed-back
e Mo § 10
o =
s Flux vector with - __ Space vector with
S feedback 0] feed-back
3 o
100 100
compensa-
tion
= >
0.1 0.01  [%] 100 10 1 0.1 [%]
Precision: Speed (% of rated speed) Precision: Torque (% of rated torque)




3. AC Drive

Ve . o +U nverter
(1) Simple Control method ) » D[ o
7
(U/f control) T _@
2 Rectifer i UDC TC
A f stator

< 2) Scalar Control with compensation )

U/f control,
A

a shunt
A Speed setting range
Speed accuracy
Acceleration torque
Speed change response time
Torque control response time
A Simple Scalar control

1:25

+ 1% of rated frequency
40- 90% of rated torque
200- 500 ms

Not available

-

f Rer

Af

Ramp

Voltage
generator

Mains

Inverter control

Inverter

Tc

W -

Inverter control

-U
Rectifer bc
fstator
uo U stator]
/Al
Voltage
Ramp generator| AY
Load
compen- |
ik sator
Slip Current
compen- compens.
sation calculation




3. AC Drive

< 3) Space Vector with/without Feedback )

Closed loop control(with
A
A )

Limit
Open/Closed loop
Flux Vector

J

Space Vector (Open Loop)
A ,

)  Open loop control

(8)) 4] Voltage angle( ¢)

( )

active resonance damping ( )
High starting and holding torque

L

A Voltage vector control(static)

A Speed setting range
Speed accuracy (steady state)
Acceleration torque
Speed change response time
Torque change response time

1:100

+ 0.5% of rated frequency
80- 130% of rated torque
50- 300 ms

20- 50 ms

Rapid current control

Space Vector (Closed Loop)

A ( )
A :
A Speed setting range
Speed accuracy (steady state)
Acceleration torque
Speed change response time
Torque change response time

1:1000- 10000

Depend on resolution of feedback component
80- 130% of rated torque

50- 300 ms

20- 50 ms



3. AC Drive

< 4) Flux Vector Control )
Field- oriented control ) , Field- oriented control
A :
A ki
, PID control

Space Vector (Open Loop)

A :
A Speed setting range 1:1000 i *
ains |

Speed accuracy (steady state) + 0.5% of rated freq$ r b ¢

Acceleration torque 100- 150% of rated torq $

Speed change response time 50- 200 ms _—

Torque change response time ~ 0.5-5 ms Y > oheed

dq Invertdrfcontrol
I q.ref M* ’ —> Encoder
Space Vector (Closed Loop) s contoller Ui |/ e Ml e
ab ———>
A ( ) by Field Imr‘ref Flux A A
A weakening controller — T Ikeafor-3
_ ’ UV IO DO st SO SO O it

A Speed setting range 1:1000- 10000 y $ Y

Speed accuracy (steady state) Depend on resolution of | . v Iy dref dq P <

mr Ux - -
feedback component model ls q.ref b T— ; <

Acceleration torque 100- 150% of rated torq S ab

Speed change response time 5.00- 50 ms Y

Torque change response time  0.5-5 ms Speed Position




3. AC Drive

(3.6 Danfoss Control Principles J

VVC (Voltage Vector Control) , , O%Z 4 K %
Software Hardware (ASIC) Inverter .
A Special motor, Motor
Control A A (0~10Hz)
algorithm . . .
a E (Active resonance dampening)
e : 1:100 Open loop
VVvC Synchronous A
20’ PWM O +0.5%
VvCPlus Asynchronous 0 o) Limit
« SFAVM
« 60°PWM
< 1) Danfoss VVC+ Control )
VVC+ PWM
A SFAVM . 5a4%F[ R%
A (loaded state)
R <: C%:SFAVM 1 %%<: BT 54 %F[ R% ﬁ %gg\ %(%q
A U, e T
U y @L R,
. +
(no - load state, idle state) igwmp ‘ql "
RS LSU . L Ra
L L0 o0
s A (w)
- R w
lg—gL gql L, ’ A ( )
A U = lJL + Ucomp
A Ucomp
A A



3. AC Drive

( 1) Danfoss VVC+ Control )

Inverter

Mains
) @
Es.ﬁ\@uf**f*********?
| 0 |
‘ Mo::dor‘ lg mtagT U U u ‘
f. ¢ | model ———= — — E——
g gga (00 | vecor [0 o J e | < 2) Danfoss Flux Vector Control )
At ‘ Ramp ' (no load) a ‘
‘ ISXD_ ISY ‘
tgrar? en- A9 Inverter
‘ satorp ucomp ‘
\ f | \ Mains
| slip T lsx Xy U‘ | ~ \ Motor
} compen- lsy ! VI
‘ sator ab ‘
\ | Rectifier
u T
f Internal frequency Upc | DC- link voltage bC
fs Reference freq$S %x j y U, [No- load voltage vector Xy f N
Calculated slip fre Stator voltage vector -
St - pfreqS Us 9 Flux Wset Flux Usx U
Isx | Reactive current(calculated) | Uy, | Load- dependent voltage comp. " | set point  j——{"—»- contral T = —
lsy | Active current(calculated) U | Motor supply voltage csf:t?gl gu Torc:usi oY >~/ 2b e
| | No- load current of x/y axis X Ngat [} contro ! r
SXO'SYO| (calculated) h |Reactance
ly,l\.lw | Measured phase current X; | Stator leakage reactance ] rrfcl:dxel
Rs | Stator resistance X, |Rotor leakage reactance
Rr Rotor resistance t | Stator frequency Nset loy < Iy
L Yoltage vector angle Ls | Stator inductance Speed | I Y/ e N Iy
Lo SStqt flivales Ls, |Stator leakage inductance estimation | ¥ b e 'wj
S| |Load- dependent angle comp. Lgs |Rotor leakage inductance
10 SStqt fi §%hzwwj $ yTe{|Hepk $ink temp.(measured)




3. AC Drive

(3.7 Medium Voltage Drives J
0% : IGBT, IGCT, IEGT @fA'T— I R T I B
- T T _ =
U % ,
) Input Rectifier DC link Inverter Output
filter filter
<Typical MV Drive >
-20° TTTa A
AAC dvidt THD @ @ﬁ* A 3 H
A ‘ N Acascade
i A
ADC- link o }-@ % A
12-Pulse +20° A
Transformer %
Zig-Zag |

Transformer =

73 _ZOUE’

! Q=2 o
T | ok dv/dt THD

@ CEE .~

’ 30° 0°

££1 (9—#

C_-A}E-- 36-Pulse
18-Pulse 1 : Transformer
Transformer

<Different MV Drive Topologies >



4. Variable speed operation

41 J

P3 9550 _d3 /33 V313 cos/ 29550 k3 Vel

( ) ) ) . T = = =
n f3120/p3 (1- s) f
( U/f Operation and Field Weakening ) To %3 |

A V) ()] AC
A (1) (Urt) :
A AC U/t , SZ4k %

U V] TINm]

800 y y »

,vaI
/ T :
/ F max. torque decrease with factor
/ Tt
400 : £10% M 1 / e -
\\ [ Running in Current Limit )
230 i
A Shaft Torque Current
0 5'0 f[t:zl 0 50 [Hz] )
a) U/f characteristic control (ideal) b) T/n characteristic (ideal) A AC Current Limit
<U/f >

A ,AC i
A
A

D26 Field weakening
A

1/f , stall torque 1/ 2



4. Variable speed operation

(4.2 Compensation J
A : AU [V]
( : ’ ’ ) 800
Load- independent Start Compensation Load- dependent Start Compensation -
( Start ) ( Start ( slip )
A It A 400
Start vo age ! \ tz::pensation
N ) A IxR |, Boost, . 2t30 |
A Start compensation( Danfoss ) . e ! f [Hz]
A A 5
54 100
ATINm] !
Load Compensation Slip Compensation :
A A slip 5% 100% \
A Voltage Boost ( 1% ) 50% ﬁ K
A Ui A Slip
t % slip '
A Slip (fslip) (I a )
§ ip ( )
(4.3 Danfoss Automatic Motor Adaptation (AMA, Identification ) J
A Identification Auto - tuning
A :
A SXyfynh% Sl ~sfrnhs&%



4. Variable speed operation

(4.4 Operation J
[ Motor Speed Control )
A Wj k $
Ref. signal T
a) = b) &
<Reference Motor torque >
A if < . Motor B %Wj k(8)
A if > , Motor A %Wj KBy
Overload Trip Overload
In, vt
| [%] A
160 c

ILIM

Ay
V'

<Current Limit

Over Current Limit >

Ly by Ly

R

=

..@.GHIH

:

Braking torque >

N



4. Variable speed operation

< Ramp (Ramp Up and Down) ) - - .
A Ramp: . .
A ramp . _/_ x
( ) frminT frminT
A S-Ramp: ramp smoothing 2) ~ oo ! b) ~taecr :

<Acceleration and deceleration times >

. — —> —
[NEES R s | e i B el oy [ e ol il
I I
> Accel | Run | Decel. A ’ (toco) (tyec)
5 Tl | | TZ
S I I n,-n n,-n
g ' ' toee =J° 2 ty, =J3 2" 1
P I I
o : : (Tacc - Tfric)3 9.55 (Tacc - Tfric)3 9.55
! ! J : the moment of inertia of the motor shaft and load [kgm 2]
a) Without smoothing b) With smoothing Tiric : the friction torque of the system [Nm ]
. Tacc : the overshoot torque used for acceleration [Nm ]
<Linear Ramp a) and S- ramp b) > Tdec : the braking torque that occurs when speed reference is reduced [Nm ]
nlandn2 :the speeds at frequencies f1 and f2 [min -1]
< Motor Torque Control )
A A Droop
a i)
A slip, : A Example
' . 100m
A Space Vector Flux Vector :

3 , i



4. Variable speed operation

Softstarter (400% current limit)  DOL

/\ 300% _—

— _ 800%
=y ar mains L L DT e,
%. = 000 Startat maing “=a. |
. g b ——
a S 250% = ony
E 2 \ S 600% ‘.‘
200% \ e O .
/ 500% B
_‘-————\|
ng{r}ent [%] 150% PRSI 400% —
mpm"" - “
100% T A Softstarter 300% ‘
700 v oF / Softstarter \
200%
0,
600 direct on line(DOL) 50% ‘
100%
500 0% 0%
0% 20%  40%  60%  80%  100% 0% 20%  40%  60%  80%  100%
400 Speed [%] Speed [%]
300 : 0
AC drive (160% Overload) DOL
et 300% : 800%
200 = Start atjmains = Sthrt at maiths
= - . [=a 0%
100 AC drive g 250% .-"’ * Z 700% BT P
=2 . E “Trea,
0 I | l Fullload 5 : 5 600% 5
0 12.5 25 37.5 50Hz &speed 200% - . 500% d
. . s * N [}
< > s K . :
Typical motor current curves 150% — : 00% )
.s. - * N “
7 AC drive H .
100% ¥ 300% AC drive %
o i 200% -
(] .
] 100% .
0% 0% .

0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Speed [%] Speed [%)]



4. Variable speed operation

C )

Sine commutation

A Block commutation

reference current
A

block com nutaticé)n

sine commutation

0°  60° 120° 180° 240° 300° 360°
rotation angle ¢

(Constant Torque angle)
A y , d 0

Maximum Torque Per Ampere
A

(Constant Unity Power Factor control)

AEO (Automatic Energy Optimization)
A

A (Auto adjustments)

A (magnetization level)

Automatic Energy Optimisation

Start with high acceleration

Y
Y

Speed

Motor voltage

Motor current

AEO adjustment

>
»

S

Automatic
load adjustment




4. Variable speed operation

- - S d
(4.5 Dynamic Brake Operation J "
D Braking Driving
rive output frequency
AC 4 Motor shaft frequency O Q
A . n n
AC ( ) Speed ' M M
: Clock wise moment [y |  Clockwise moment Torque (M)
¥ : =

A - DC lll’lk ' Driving Braking

e 200 * v o0 i

20 V&Mt cp t m®er €x' 3 ' @ @
1 M
H Start | St S an Anti Clock wise moment Anti Clock wise moment

& . . X i Star op
UsS - T { J W%{ tqy fl ] - S % <4- quadrant operation >
A Ramp Li0) —

- OV(Q(OverVoltage Control) Ramp sl . W)

_ Ramp ) I resistor oL, '-_E‘
a ( ) e (3| |5 +—

- .( :AC Brake,Flux Brake, compound braking) m @P @P

. =

% . . o <Brake chopper and resistor >
ESGwf pj %hmt uuj ws

- chopper %AC line supply AC line supply

E
E

€
o) Active | h [:I il
0 Common DC bus . .
~ Motoring Generating Motoring Generating
O ( ) ] ]
Y v
/,DC-Iink élDC-Iink

<Regenerative braking unit >



4. Variable speed operation

(4.6 Static Brake Operation J

U shaft Brake Coasting

A Coasting to stop
- Motor coasting (OV/OHZz),

U % 3 Stop Command

(Wj k §92 Stop Command )

a DC Braking
- 3 2 DC

- DC Braking 3 parameter
A Braking : slip (10Hz )
OHz
A Braking
A DC braking
E DC Hold

- Sfz}ngnfw~%mjfynsl.$§

e Electromechanical Brake
- Brake

- Brake
A Motor pre - magnetization ( )

- , Start command pre- magnetization brake

( O%Rtyt wwMj fyns!| %fsi %Y m]

T [%]4
146
2E| A7 M
2
100
1
50—
DE ZAH4Z |4 E

>
>

| | |
50 100 150 200 n[%]

Graph 1: Motor of rated size, e.g. 15 kW
Graph 2: Oversize motor, e.g. 22 kW

A Calculation :
a Measurement : PTC

(delay time)



4. Variable speed operation

. Function Description lllustration
(4.7 Functional Safety J _ —
Torque/Rotation B*A Actication of STO
Safe Torque Off IEC60204- 1 Stop | & — Actusl frequency
(required safety lecel) (risk analysis)  |sTO CAT.0
Time >
< Safety Level and Standard> A
#| ActivationofsTo ~ Actualfrequency
controlled StOp . § ~ 551 time supervision
Category Cat EN 954- 1 Safe Stop 1 g
Performance Level PL EN ISO 13849 1 ss1 .
Safety Integrity Level SIL IEC 61508 / IEC 62061 IEC60204 - 1 Stop
CAT.1
-— Time *
. . . S51time
[ EN/IEC 61800 - 5- 2 additional functional safety function ] - A
Safe Limited >
t %X T X% Safe Operating Stop Speed g| Stoeveed
t %X X7 % Safe Stop 2 Safe Limited Speed g S
. . St
t %X| N% Safe Direction SLS op —
. — Actual frequency
t %X GH% Safe Brake Control — SLS max. speed limit
t %X RF % Safely- Monitored Acceleration Time >
SMS al )
t %X QU % Safely- Limited Position B‘%
t %XHF % Safe Cam : g
) P Safe Maximum Speed | E
t %X QN % Safely- Limited Increment =
SMS SLS . = Actual frequency
t %X X W% Safe Speed Range —— SMS max. speed limit
t %X GY % Safe Break Test _
t %XV X% Safe Quick Stop n i
t %X QF % Safely- Limited Acceleration (S)SM zero speed " | | Standstilloutputactive
t %X F W% Safe Acceleration Range ) high %
. _ Safe Speed Monitor | N9 . 2 — Actual frequency
t %X QY % Safely- Limited Torque SSM ——Speed motor limit
t %X Y W% Safe Torque Range
t %X RY % Safe Motor Temperature - —_
Time




5. Energy Saving with AC Drives

100%
10%
a : 30%
(  60~70%)
50%
E : 60%
( Motor + AC Drive )
AC
= 3
ClSystem - dJ\/Iotor q.AC drive
AC
n
1% 100 i
A 8::@:::@:@—( —O0—C—0—=0
80— B
+ A:100% load
I B:25% load
60—
a0+
20—
0—- min~!
0 600 1200 1800 2400 3000
< AC drive >

Increased efficiency

10%

System Adjustable
optimization LA speed control

< Potential energy savings >

Direct driven 100% Flat belt 96...98%

Spur gear 98% V-belt 92...94%

Bevel gear 98% Tooth belt 96...98%

Worm gear 95% Chain 96...98%
< Transmission >

Power Drive System (PDS)

Complete Drive Module (CDM) Driven Equipment
Mains & Feeding o Basic Trans- Load-
cabling section —Auxilaries . Drive mission — machine

Module
(BDM)

Often named as Frequency Converter

<CDM PDS >

U ®anfoss Tools
MyDrive ® ecoSmart™ (ecoSmart.danfoss.com )



5. Energy Saving with AC Drives

aooweo

O
On
(@)}

Presureord OO0 66

e OUOp & O OBy

To

Pressure [bar]

Operating
point

Energy required

System

Pump
characteristic

characteristic

A

throttle

APump

I

Torque [Nm]

A 100% speed, 100% torque

Flow [Q]

point

Operating point

Energy required

e

swil flap, damper,

Speed [min’']
<

4

Torque [Nm]

Pump characteristic

Pressure [bar]

Energy required

System
characteristic

Operating
point

Flow[Q]
Al :
point
A
. 50% speed, 100% torque
Operating point
1
]
1
1
1
1
1
1
]
1
1
]
Energy required :
Speed [min] "
>



(6.1 EMI and EMC J

A EMl(electromagnetic interference) A (coupling)
A : (conducted) ,  (radiated) - Galvanic coupling :
A EMCelectromagnetic compatibility) - Capacitive coupling :

» X T NAcx =|= 0 &0 H n e 7A nQq3A, - Inductive coupling :

ac /AL VEA cmm IERO - Electromagnetic coupling :

(6.2 EMC and AC Drives J

Rectifier (Yy¥yy (H) Inverter
L _/:.gn
du/dt
N A & =cC Shielded
Mains line RF filter Vdo/2 e
YN ‘lN Vit Z
— (O —_— 1
M (0) y —}:

— p— R r——
Cem2 Vdc/2 _]_<—

|
|
1
=
Sl
=

Ccm1:_

- (-)
T Heatsink/

chassis

R 4

|
"
|
|
o
c
\5‘3

Load

High du/ dt
common mode
Acommon mode
DC- link .
A common mode

ARFI  (C,m)
A

chassis common - mode



(6.3 Grounding and Shielding J

Grounding A LA a
EMC
A
Shielding A A 5
A ( ) ( )
A

L : cable length

< transfer impedance >

< Type of Screen Cables per transfer impedance >



















































