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(AC) (Main )

AC Drive 

/

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

Speed Control 

Å

Å

Å

Å ( )

Å ( : )

AC Drive 

Ű%FH%Iwn{j% ± 0.5%

Å Motor Maker : 

Å AC Drive Maker : 

Å Commissioner : Drive 

( )

Ű%_[JN%- )

Å : 10% 

Å : 30% 

Å : 60%

1. ҟ



41. ҟ

1. DC AC 

Å Compact

Å

Å , , , 

Å

2. Fan, Blower Damper AC Drive 

Å , 

Å Trip 

Å

Å

Å

Å , 

Å ( : 5~6 )

,

Å PLC 

Å Fan, Pump, Blower

Å Crane, Hoist Conveyer / , 

Å

AC Drive & AC Motor 



52. Electric Motors

ı : 

: 

Ú , , , 

Squirrel cage rotor

Wound rotor

Synchronous 
reluctance

Switched 
reluctance

Interior mounted 
magnets

Surface mounted 
magnets

Induction motorAsynchronous

Synchronous

Reluctance

BLDC(EC)

Permanent magnet

AC Motor

DC Motor

With permanent 
magnet

Without permanent 
magnet

Electric motor

Motor 



62. Electric Motors

Stator

ÅCore( Lamination) Coil Winding

Å , .

Rotor

ÅCore( Lamination) Coil Conductor Bar

Ű%

< Stator > < Rotor >

Power and Torque

Power[kW] : (1 hp = 0.746 kW, 1 kW = 1.341 hp)

Torque [Nm] : Shaft (1N· m=0.102kgf· m, 1kgf· m=9.807N· m)

( ) ( )

( )
( )s1pf120

9550cosɗIV3
 

n

9550P
T

 
9550

nT

100060

n2
TP

LL

-³³

³³³³³
=

³
=

³
º

³

³³
³=

h

p

P=Power[kW], T=Torque[Nm], n=Speed[RPM]

p= , VLL= [V], I= [A]

Ć= , cosć=

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

Motor 

2.1 Motor 



72. Electric Motors

AC and DC Motor 

DC Motor

Å : (armature ), (commutator ), (brush)

: ( field poles), ( frame)

Å

Å : ( DC / )

: 

AC Motor

Å (Stator) (Stator)

Å AC 

ÅDC 

Å .

Motor 

Ű% .

< >

Å (F) (B) .

(I)

Å (F)

Å

, 



82. Electric Motors

p

120f
n0

³
= f = frequency[Hz], n 0 = Synchronous Speed[RPM], P = Pole number

Pole number 2 4 6 8 12

n0 [min - 1] (50Hz supply) 3000 1500 1000 750 500

n0 [min - 1] (60Hz supply) 3600 1800 1200 900 600

Å Synchronous :  rotor speed = rotating field speed
Å Asynchronous :  slip wtytw%xujji%Ů%wtyfynsl%knjqi%xujji%

Å

(Shaft Power) .

Å , components, material, size(rated power), 

.

power input

power output

P

P
ɖ  

1

2 == 

< Typical losses in the motor >

Pole, Synchronous/Asynchronous Speed



92. Electric Motors

Motor -

Ȧ , 

(rotating magnetic field ) .

ȧ Rotor , 

Rotor .

Ȩ Rotor Conductor Bar . 

ȩ .

Ȧ A . .

ȧB C , .

Ȩ;5ä%A , C . 

;5ä% .

ȩ3 .

< 3 Winding >

< Winding Rotor Bar >< Stator Winding Rotor Bar >

ǩI

I1ǩ1
I2ǩ2 I3ǩ3

2.2 



102. Electric Motors

(rotating field)

Å ( 1˒Σ ˒2Σ ˒3)╥˺̓╬ (˒ύѤ▀♬ ᶒ, 

̪Ḵ▫◑(alternating fields) ҍ˃(Ѡmax) 1.5 

Å

Å

Slip, Torque, Speed

Induction Motor .

(n 0) Rotor (nn) Slip(s) .
(p= , f= , n0= (Synchronous speed), nn= )

0

n0

n

nn
s

-
= ( )[rpm]  s1

p

f120
nn -³

³
=

p

f120
n0

³
=

( T=torque, F=force, r=radius )rFT ³=

Slip

Generator

Starting
range

Braking

(Nominal current)

nB=nN*2/3

[ Motor Current Torque ]

TS : starting torque

TB : stall torque

TN : rated torque

nB : stall speed

nN : nominal speed

n0 : synchronous speed

IN : nominal current

Ia : starting current

Operating
range



112. Electric Motors

Å (U1) , I1(stator) I2(rotor) , R1(stator) R2(rotor) X1đ(stator) X2đ(rotor) 

Å , transverse resistance reactance RFe Xh

. RFe .
Lf2XL ³³³= p

( XL = reactance [ ÿ],  f = frequency [Hz],  L = inductance [H] )

Standard operation
Slip rotor R2 . 

R2 x (1- s)/s . 

Rotor = R2( ) + R2x(1 - s)/s

No- load situation
slip . 

, R2 x (1- s)/s 

rotor .

.

Locked rotor situation
slip . R2 x (1- s)/s 

Rotor Locking slip 1 



122. Electric Motors

( )
p

120fs1
nnn s0n

³³-
=-=

Å ( : pole- changing motor)

ÅSlip ( : slip- ring motor)

Å

Pole number control
, 

3600

1800
1200

900

2 4 86

RPM

Slip control
Slip

ÅStator 

ÅRotor control

- (slip - ring)

- slip- ring

Frequency regulation

Å /
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^4ë%

1) 50Hz 3 AC

2) 15kW

3) 400V, 27.5A, Y

4) 230V, 48.7A, ë

5) IP54 

6) F(155Ƈ), 0.9(cosĔ)

7) 2910RPM(2 Pole) , , 

8) IEC 60034- 6 

[ Motor Y / ë ]

Å

Å

Å

Å

Å

Å

Å

Å

Å .

2. Electric Motors

Y Ș

Y Ș



142. Electric Motors

2.3 (Synchronous motor)

Ű% Rotor Stator .

( / )

Surface mounted magnets 
( )

Interior mounted magnets 
( )

Synchronous reluctance motor( )

Permanent Magnet assisted Synchronous Reluctance motor
( )

qd LL ¸qd LL =

SPM IPM



152. Electric Motors

Synchronous Motor

Brushless DC (BLDC) Motor
ÅRotor 
Å , 
Å 10kW 
ÅPM

Line Start PM (LSPM) Motor
Å ( +PM ) rotor 
Å , 
Å 10kW 

Reluctance Motor
Å (Magnetic reluctance or resistance) 
Å , .
Å

ÅSaliency ratio .
Å

(Permanent Magnet (PM) Motor)

Å Rotor

ÅStator Rotor

Å Rotor .

ÅRotor Stator (Back EMF)

Å , 

Å Slip, Rotor Rotor 

< PM >



162. Electric Motors

Permanent Magnet assisted Synchronous Reluctance Motor ( PMaSynRM)
ÅRotor weak magnet ( ) SynRM
Å IPM

- IPM reluctance , PMaSRM reluctance 

Switched Reluctance Motor (SRM )
ÅStator DC 
ÅRotor pole Stator pole ratio
Å

ÅNoise dynamics 

Synchronous Reluctance Motor ( SynRM)
ÅStator , Rotor
Å , AC 
Å rotor 
Å Ld Lq

Synchronous Reluctance Motor with Squirrel Cage
ÅStator , Rotor Gap . end winding
ÅLPSM
Å 10kW , 

Medium Voltage Motor ( )

, ( , )

Å Power Cable                                     current

Å

ÅMV 2.3~13.8kV, 0.2MW~40MW .  3.3~6.6kV, 1~4MW 



173. AC Drive

ÅAC Drive : ( : 400V/50Hz) ( :0~400V/0~50Hz)

ÅAC Drive 2 : Direct Converter (intermediate circuit) AC Drive

, (MW )

Å 50Hz ( 25~30Hz)

Å

Å

Direct Converter



183. AC Drive

(Intermediate Circuit) AC Drive

ŠIH- gzxš%ŠIH- qnspš

Å 2 : Constant intermediate circuit, Variable intermediate circuit

1) (Rectifier)

3 AC DC 

Ȧuncontrolled ȧsemi- controlled

Ȩfully controlled ȩactive front - end

2) (Intermediate circuit)

Ȧ DC 

ȧ DC 

3) ( Inverter)

DC AC 

4) (Control circuit)

< Fig 3.3 Main component topologies >

< AC drive configuration examples>



193. AC Drive

Uncontrolled Rectifier

3.1 (Rectifier)

AC Drive Diode, Thyristor , Diode+ThyŞ1%NLGY

Å 30kW uncontrolled 6 , 30kW semi- controlled 

Uncontrolled Diode

Diode 

Å FƫP .
Å .
Å AC DC .

Uncontrolled 3 (B6- Diode Bridge)

Å 6
Å 1/3 (120 °) 
Å DC (3 : 1.31~1.41 ,  : 0.9~1.2 )
Å .( interference )

Semi- controlled Rectifier

Uncontrolled Diode Thyristor (SCR) 

Å SCR 

Å uncontrolled 

SCR 

Å FƫP .
ÅGate On , FƫK Off .



203. AC Drive

Fully- controlled Thyristor (SCR) .

Å Gare ȭὗ ″Ӓ

Å SCR , 

Å SCR , 

Fully- controlled Rectifier

cosŬU1.35U mainsdc ³³=

DC 

Å AFE(Active Front - End) AIC(Active Infeed Converter)

Å

Å (LCL Filter)

Å AFE 

Active Front - End / Active Infeed

L1 +
L2
L3

P

N

RT1 RT3 RT5FT1 FT3 FT5

FT4 FT6 FT2 RT4 RT6 RT2

+
C

L1
L2
L3

P

N

supply regeneration



213. AC Drive

3.2 (Intermediate Circuit)

Intermediate circuit
Å /
Å , (interference) 

Variable Intermediate Circuit

1) Variable DC intermediate circuit

ÅŠHmtpjš%ŠWjfhytwš

Å AC (I- Converter)

2) Variable DC Voltage intermediate circuit

ÅChopper

ÅChopper DC 

Constant Intermediate Circuit

Å (Choke)

Å : DC , 

Å : Smoothing, (harmonics) Common DC Bus

Å AC , DC 



223. AC Drive

3.3 (Inverter)

AC , AC .
Å AC (IGBT) .

( turn on/off , kHz )

Å : . 

< >

< >

< Fig 3.3 Main component topologies >

< AC drive configuration examples>



233. AC Drive

3.4 Modulation

2 modulation
Å PAM (Pulse Amplitude Modulation)
Å PWM (Pulse Width Modulation)

PAM
Å AC 

Å Uncontrolled/Semi - controlled + Fully controlled 

Å

Å

PWM

Å AC 
Å , 
Å 1%Š š .

< Output voltage PWM >

PWM

Å

Å .

Å , PWM AC 86.6% 

- peak DC- link ½ , ǜ3 (86.6%)

- , 13% . 

.



243. AC Drive

SFAVM

Stator Flux- oriented Asynchronous Vector Modulation 

( )

Å (Space- vector modulation) 

Å , 

Å : 

< Inverter Switch States >60° AVM

Asynchronous Vector Modulation ( )

Å 1 60Ċṅ Ӏ(0Ắᶷ1)

Å SFAVM әꜚ Ἓ, 60ĊAVM ♠

Å 60Ċṅ ә, 60Ċב ᶷṅ ꜜ ꜙ

< 60Ċ?TKӦ SFAVM Switching sequence ℮ӽ>



253. AC Drive

3.5 Control Circuit and Methods

AC 

Å

Å Open/Closed Loop Speed Control

Å Open/Closed Loop Torque Control

Å

AC 

Å Simple(Scalar) without compensation control ( ) 1:15

Å Scalar with compensation control ( ) 1:25

Å Space Vector control ( ) 1:100(0)

Å Open loop Flux (field - oriented) control 1:1000

Å Closed loop Flux (field - oriented) control 1:10000

Å Servo- controlled systems 1:10000



263. AC Drive

1) Simple Control method

(U/f control)

Å

Å

Å

2) Scalar Control with compensation

U/f control, 

Å . 

ā shunt
Å Speed setting range 1:25

Speed accuracy ± 1% of rated frequency

Acceleration torque 40- 90% of rated torque

Speed change response time 200- 500 ms

Torque control response time Not available

Å Simple Scalar control 



273. AC Drive

3) Space Vector with/without Feedback

Closed loop control(with ) Open loop control 

Å , (U) (f) Voltage angle( ć) 

Å ̛ ̜ .( )

̝ Limit ̞ active resonance damping ( )

̟Open/Closed loop ̠ High starting and holding torque

̡ Flux Vector ̢ Rapid current control 

Space Vector (Open Loop)

Å , 

Å Voltage vector control(static)

Å Speed setting range 1:100

Speed accuracy (steady state) ± 0.5% of rated frequency

Acceleration torque 80- 130% of rated torque

Speed change response time 50- 300 ms

Torque change response time 20- 50 ms

Space Vector (Closed Loop)

Å ( )

Å , 

Å Speed setting range 1:1000 - 10000

Speed accuracy (steady state) Depend on resolution of feedback component

Acceleration torque 80- 130% of rated torque

Speed change response time 50- 300 ms

Torque change response time 20- 50 ms



283. AC Drive

4) Flux Vector Control

Field- oriented control . , Field- oriented control

Å : 
Å , 

, PID control

Space Vector (Open Loop)

Å .

Å Speed setting range 1:1000

Speed accuracy (steady state) ± 0.5% of rated freqŞ

Acceleration torque 100- 150% of rated torqŞ

Speed change response time 50- 200 ms

Torque change response time 0.5- 5 ms

Space Vector (Closed Loop)

Å ( )

Å , 

Å Speed setting range 1:1000 - 10000

Speed accuracy (steady state) Depend on resolution of

feedback component

Acceleration torque 100- 150% of rated torqŞ

Speed change response time 5.00- 50 ms

Torque change response time 0.5- 5 ms



293. AC Drive

3.6 Danfoss Control Principles

VVC (Voltage Vector Control) , , 
Ű%Z4k%

Å Special motor, Motor , 

Å Ȧ (0~10Hz)

ȧ Ȩ (Active resonance dampening)

ȩ :  1:100 Open loop

Ȫ : ± 0.5%

ȫ Ȭ Limit

1) Danfoss VVC+ Control 

VVC+ PWM 

Å SFAVM ;5ä%F[R%

Å

Å <:Ƈ% : SFAVM 1%%<:%Ƈ%?%;5ä%F[R%

Å

Å

Å (UL) ( , , , )

(no - load state, idle state)

(loaded state)

Å (IW)

Å ( ) .

Å U = UL + Ucomp

Å Ucomp , 

Å



303. AC Drive

1) Danfoss VVC+ Control 

f Internal frequency UDC DC- link voltage

fs Reference freqŞ%xjy UL No- load voltage vector

Șf Calculated slip freqŞ US Stator voltage vector

ISX Reactive current(calculated) Ucomp Load- dependent voltage comp.

ISY Active current(calculated) U Motor supply voltage

ISXO,ISYO
No- load current of x/y axis
(calculated) Xh Reactance

IU,IV,IW Measured phase current X1 Stator leakage reactance
Rs Stator resistance X2 Rotor leakage reactance
Rr Rotor resistance Ʉs Stator frequency
ȴ Voltage vector angle Ls Stator inductance

ȴ0 ŠSt- qtfiš%ȴvalue LSs Stator leakage inductance
Șȴ Load- dependent angle comp. LRs Rotor leakage inductance
I0 ŠSt- qtfiš%hzwwjsy%{fqzjTc Heat- sink temp.(measured)

2) Danfoss Flux Vector Control 



313. AC Drive

3.7 Medium Voltage Drives

Ű% : IGBT, IGCT, IEGT 

Ű% , 

.

< Typical MV Drive >

< Different MV Drive Topologies >

ÅAC dv/ dt THD 

Å

ÅDC- link 

Å 3 H

ÅCascade

Å

Å

Å

Å ÅDC 

Å dv/ dt THD 



324. Variable speed operation

4.1 

( , , ) .
( ) f

IVk

s1p120f

9550cosIV3ɖ

n

9550P
T

³³
=

-³³

³³³³³
=

³
=

j

I
f

V
T ³º

< U/f >

Å , AC 

Å .

Å , 

Ǆ% Field weakening .

Å . 

1/f , stall torque 1/f 2 .

Å (U) (f) AC .
Å (Į) (U/f ) .
Å AC U/f , ŠZ4k% .

U/f Operation and Field Weakening

Running in Current Limit

Å Shaft Torque Current

-

Å AC Current Limit

.

- : .



334. Variable speed operation 

4.2 Compensation

Å .

( : , , )

Load- independent Start Compensation

( Start )

Å Start voltage

.( )

Å

Å

Load- dependent Start Compensation

( Start ( slip ))

Å

Å IxR , Boost, 

Start compensation( Danfoss ) .

Å

Load Compensation
Å

Å Voltage Boost

Å U/f 

Slip Compensation
Å slip 5% 

( 1% )

Å Slip 

ƫ% slip 

Å slip ( fslip) (Iü) 

ƫ%slip ( )

4.3 Danfoss Automatic Motor Adaptation (AMA, Identification )

Å Identification Auto- tuning .

Å .

Å ŠXyfynh-.š% ŠI~sfrnh-.š% .

- .

- / .



344. Variable speed operation 

4.4 Operation

Å WjkŞ , 

Motor Speed Control

< Reference Motor torque >

Å if < , Motor B%WjkŞ(A)
Å if > , Motor A%WjkŞ(B)

Overload Trip Overload 

< Current Limit Over Current Limit >

Å

< Braking torque >

ƫ

ƫ



354. Variable speed operation 

Å Ramp : 
Å Ramp .

( )

Ramp (Ramp Up and Down)

< Acceleration and deceleration times >

Å , ( tacc) ( tdec) 
.

( ) 9.55TT

nn
Jt

fricacc

12
acc

³-

-
³=

( ) 9.55TT

nn
Jt

fricacc

12
dec

³-

-
³=

J : the moment of inertia of the motor shaft and load [kgm 2]
Tfric : the friction torque of the system [Nm ]
Tacc : the overshoot torque used for acceleration [Nm ]
Tdec : the braking torque that occurs when speed reference is reduced [Nm ]
n1 and n2 : the speeds at frequencies f1 and f2 [min - 1]

ÅS- Ramp : ramp smoothing 

Ramp 

< Linear Ramp a) and S- ramp b) >

Motor Torque Control

ÅDroop 
, 

, 

Å

Ȧ

ȧ

Å slip, .

, .

Å Space Vector Flux Vector

3 , 

. 

ÅExample
100m . 

, . 

- .

- .

- .



364. Variable speed operation 

Å 3 .

Ȧ

ȧ

Ȩ

< Typical motor current curves >

Softstarter (400% current limit) DOL 

AC drive (160% Overload) DOL 



374. Variable speed operation 

Å Block commutation Sine commutation 

(Constant Torque angle)

Å y , d 0

Maximum Torque Per Ampere

Å

(Constant Unity Power Factor control)

Å

.

AEO (Automatic Energy Optimization)

Å

Å (Auto adjustments) 

Å (magnetization level) .



384. Variable speed operation 

4.5 Dynamic Brake Operation

AC 4

AC ( )

.

Å DC- link

è ?AṫỚ ⃰ᶷ ⁫ ὗ

²Ӧ &Mtcp tmjr_ec'³ῼ◕ Ὠ

ÚŠ -T{jw%{tqyflj.š%

Ȧ Ramp 

- OVC(OverVoltage Control ) Ramp 

- Ramp .

ȧ ( )

- . ( : AC Brake, Flux Brake, compound braking)

-

ȨŠGwfpj%hmtuujwš

- chopper 

- , .

ȩ

Ȫ Active 

ȫCommon DC bus

Ȭ ( : )

< 4- quadrant operation >

< Brake chopper and resistor >

< Regenerative braking unit >



394. Variable speed operation 

4.6 Static Brake Operation

Ú shaft Brake Coasting 

ȦCoasting to stop
- Motor coasting (0V/0Hz), .
- ~ .

Ű% 3 Stop Command . 
, 

(WjkŞ%0Hz Stop Command )

ȧDC Braking
- 3 2 DC 

. 

- .
- DC Braking 3 parameter
Å Braking : slip (10Hz )

0Hz 

Å Braking : .

Å DC braking : .

ȨDC Hold
- Šfz}nqnfw~%mjfynslš. 

, .

ȩElectromechanical Brake
- Brake . 

.
- Brake 
Å Motor pre - magnetization ( )     (delay time)

- : , Start command pre- magnetization brake 

Ű%Rtytw%Mjfynsl%fsi%Ymjwrfq%rtsnytwnsl

ȦCalculation : 

ȧMeasurement : PTC 



404. Variable speed operation 

4.7 Functional Safety

(required safety lecel) (risk analysis)

.

< Safety Level and Standard>

Safety Level Abbreviation Standard
Category Cat EN 954- 1

Performance Level PL EN ISO 13849- 1

Safety Integrity Level SIL IEC 61508 / IEC 62061

[ EN/IEC 61800- 5- 2 additional functional safety function ]

ť%XTX% Safe Operating Stop

ť%XX7% Safe Stop 2

ť%XIN% Safe Direction

ť%XGH% Safe Brake Control

ť%XRF% Safely- Monitored Acceleration

ť%XQU% Safely- Limited Position

ť%XHF% Safe Cam

ť%XQN% Safely- Limited Increment

ť%XXW% Safe Speed Range

ť%XGY% Safe Break Test

ť%XVX% Safe Quick Stop

ť%XQF% Safely- Limited Acceleration

ť%XFW% Safe Acceleration Range

ť%XQY% Safely- Limited Torque

ť%XYW% Safe Torque Range

ť%XRY% Safe Motor Temperature

Function Description Illustration

Safe Torque Off

STO

Torque/Rotation

.

IEC60204 - 1 Stop

CAT. 0 .

Safe Stop 1

SS1

controlled stop .

.

IEC60204 - 1 Stop

CAT. 1 .

Safe Limited Speed

SLS

Safe Limited

Speed .

.

Stop

.

SafeMaximum Speed

SMS

.

.

SLS .

Safe Speed Monitor

SSM

SSM zero speed ,

0

high .

.



415. Energy Saving with AC Drives 

100%

Ȧ : 10% 

ȧ : 30% 

( 60~70%)

50% .

Ȩ : 60% .

< Potential energy savings >
Motor + AC Drive 

drive ACMotorSystem ɖɖɖ ³=
AC 

< AC drive >

AC .

< Transmission >

< CDM PDS >

Ű%Danfoss Tools 

MyDrive ® ecoSmart TM (ecoSmart.danfoss.com )

-

ϰ



425. Energy Saving with AC Drives 

  ẎẎỤỡỖỖổ ềỠỨỖợ

    ỤỡỖỖổ ộỖỒổ or Presure

  ỤỡỖỖổ  ặờỠỨ
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2

1

2
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Fan, Pump

Å swil flap, damper, 

throttle

ÅPump point .

Å / , 

point .

Å .

, , 

Å

Å

Å , 

Å , 

.

nTP ³º

< >



436. Ⱡ(EMC) 

6.1 EMI and EMC

Å EMI(electromagnetic interference) : 

Å : (conducted) , (radiated)

Å EMC(electromagnetic compatibility) : 

◑ẋϮᾎᾅ ╪‡Ԏ ♣▫͙Ḣ ᵑḛ ᾎ  ,Ώ╖ᶔἌתּ

♣▫͙ ˿⁄Ἄᵣⱴᾅᴁ˭ҿ▬ Ѥѫᴏ

Å (coupling)

- Galvanic coupling : 

- Capacitive coupling : 

- Inductive coupling : 

- Electromagnetic coupling : 

6.2 EMC and AC Drives

Å : 

High du/ dt

common mode 

Åcommon mode , 

DC- link .

Å common mode 

.

ÅRFI (Ccm1) .

Å , 

chassis common - mode 

.



446. Ⱡ(EMC) 

6.3 Grounding and Shielding

Å : Ȧ ȧ

EMC .

Å .

Grounding

Shielding
Å : Ȧ ȧ

Å ( ) ( , ) 

.

Å

< transfer impedance >

L : cable length

< Type of Screen Cables per transfer impedance >


































