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Chapter 1

Introduction to Advanced
Electric Drives

Graduate Course in Electric
Drives

Objectives:

Basics to Advanced Topics in 2 Semesters
Seamless Continuation of the First Course
Topics: Dynamic Modeling and Control
Approach/Tools
¢ dg-Windings based Analysis
¢ Design Examples Using Simulink
+ Verification in the Hardware Lab using dSPACE

Topics (Lectures)

Introduction to Advanced Electric Drive Systems (2)

Induction Machine Equations in Phase Quantities: Assisted by Space
Vectors (5)

Dynamic Analysis of Ind. Mach. in terms of dg-Windings (7)
Vector Control of IM Drives: A Qual. Examination (4)
Mathematical Description of Vector Control (5)

Detuning Effects in Induction Motor Vector Control (3)
Space Vector PWM (SV-PWM) Inverters (3)

Direct Torque Control (DTC) and Encoder-Less Operation of
Induction Motor Drives (5)

Vector Control of Perm-Magnet Syn. Motor Drives (3)
Switched-Reluctance Motor (SRM) Drives (3)




Continuation of Topics Discussed
in the First Course

Switch-Mode Converters Average Representation
Magnetics — Transformers

Feedback Controller Design

Space Vector Representation for AC Machines
Basic Calculations for Electromagnetic Torque

PMAC Drives — Space Vector Based Steady State
Operation

Induction Motor Drives — Space Vector based Steady
State Analysis

Design Examples

Induction Machine Initially Operating in Steady state
¢ Load Torque Disturbance att=0.1s

¢ Control Objective is to keep Speed Constant
(design speed loop with a bandwidth of 25 rad/s and a
phase margin of 60 degrees)

Permanent Magnet AC (PMAC) Drives
Switched-Reluctance Motor (SRM) Drives

“TEST” INDUCTION MOTOR

Nameplate Data:

Power: 3 HP/2.4 KW
Voltage: 460 V (L-L, rms)
Frequency: 60 Hz

Phases: 3

Full Load Current: 4 A

Full-Load Speed: 1750 RPM
Full-Load Efficiency: 88.5 %

Power Factor: 80.0 %

Number of Poles: 4

Per-Phase Motor Circuit Parameters:
R, =1.77Q, R, =1.34Q, X, =5.25Q (at 60 Hz)
X, =4.57Q (at 60 Hz), X,, =139.0 Q (at 60 Hz)
Full-Load Slip = 1.72 %, Jeq =0.025kg an

Chapter 2

Induction Machine Equations
in Phase Quantities:
Assisted by Space Vectors




Sinusoidally-Distributed Stator Windings
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Figure 2-1 Stator windings.
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Three-Phase Sinusoidally-Distributed Windings
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Figure 2-2 Three-phase windings.
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Figure 2-3 Single-phase magnetizing inductance and leakage
inductance.
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Figure 2-5 Rotor circuit represented by three-phase windings.

Review of Space Vectors
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Figure 2-6 Space vector representation of mmf.

F(t)= FE () + F{ (1) +F2(t)

Physical Interpretation of Current Space Vector
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Figure 2-7 Physical interpretation of stator current space vector.
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Relationship between space vector and phasor in
sinusoidal steady state
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Figure 2-8 Relationship between space vector and phasor in sinusoidal steady state.
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Figure 2-9 All stator space vectors are collinear (Rotor open-circuited).
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Figure 2-10 All rotor space vectors are collinear (Stator open-circuited).
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W,

O A O=LE O+ Ly
@ i 0 =i @)
| (3) A%(t) = L,i%(¢) + LmZ»A (t)ejem

. - d
Vg (1) = Ryig (1) +;/]a(f)
t s

Stator circuit & Rotor circuit

(b)

Figure 2-5 Rotor circuit represented by three-phase windings.




Chapter 3

Dynamic Analysis of
Induction Machines in
Terms of dg-Windings

Representation of Stator MMF by Equivalent dq Windings
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Figure 3-1 Representation of stator mmf by equivalent dg winding currents.

Representation of Rotor MMF by Equivalent dq Windings

projection

2 S
i, = \/; Xprojection

B -axis A-axis

a=axis

i, = \E xprojection ~ projection H }

Figure 3-2 Representation of rotor mmf by equivalent dg winding currents.
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Figure 3-3 Stator and rotor representation by equivalent dg winding currents. The
dq winding voltages are defined as positive at the dotted terminals.
Note that the relative positions of the stator and the rotor current
space vectors are not actual, rather only for definition purposes.
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Derivation of Stator Voltages in dq Windings

Mathematical Relationship between dq and phase Winding praxis o
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Figure 3-4 Transformation of phase quantities into dg winding quantities. . . L
Eur praseq 4 £4q Figure 3-5 Stator af8 and dq equivalent windings.
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Obtaining Flux Linkages: Voltages as Inputs

!
Eq. 3-62

Figure 3-7 Calculating dg winding flux linkages and currents.
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Electromagnetic Torque on the Rotor d-Axis
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Electromagnetic Torque on the Rotor q-Axis
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Figure 3-10 dg-winding equivalent circuits.
. d . d . . —p d. d . .
Vsd = Rsisq —Wq /]sq +Lys Elsd +Ly, E(lsd +iyg) ‘ﬂ - errd ~ Wiy Arq +L(r El}’d +Lm E (lsd +lrd)
=0

d
5 d. d. . .. =R, + +L) —i., +L, —(i,, +i
qu:Rslsq+wd/1sd+Lé7SElsq +LmE(1Sq i) Vig = Rydrg WiaHa Lfrdtqu Ly, dt(lsq Irg)
=0




Per-Phase Equivalent Circuit & +—
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Figure 3-11 Per-phase equivalent circuit in steady state.

2 ‘_”sidq = Rs;sidq +jwsynl‘[sl757dq +j("§yn[‘m(7sidq +;;’qu)
3 I711 = Rsia +jwsynLZsTa +ja&yan (Ta +7A)
— Rr = . 3
(CORY _Tlrqu +styn/lr7dq
_ Rr g 5 - . - -
50 —Tlridq +]wsynL€rlr7dq +J("§ynl‘m(lsqu +lr7dq)

R, — . — , - =
6)0 :Tr]a +]wsynL/rIA +]agvyan([a +IA)

Obtaining Currents from Flux Linkages
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Figure 3-12 Induction motor model in terms of dg windings.

Calculation of Steady State Initial Conditions Using Phasors
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Calculation of Steady State Initial Conditions
Using Voltage Equations

Simlink-based dgq-Axis Simulation of Induction Motor
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DC Motor Drive

@
Nas
e ]

Brushless DC Motor Drive

Vector-Controlled Induction
Motor Drive

a—axis

B (1) perpendicuar to F'(¢) and F (¢)
T =k I (keeping B constant)

Analogy to a Current-
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With a Shorted
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Analogy to a Current-Excited
Transformer With a Shorted
Secondary
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Figure 4-5 Analogy of A Current-Excited Transformer
with a Short-Circuited Secondary; N, =N,

Using the Transformer Equivalent Circuit
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Figure 4-6 Equivalent-Circuit Representation of the Current-Excited
Transformer with a Short-Circuited Secondary.
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d- and g- Axis Winding
Representation
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Stator and rotor representation by equivalent dg winding currents. The
dq winding voltages are defined as positive at the dotted terminals.
Note that the relative positions of the stator and the rotor current
space vectors are not actual, rather only for definition purposes.
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Step Change in Torque at t=0
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Vector-Controlled Condition
With a Rotor Speed o,

Torque, Speed, and Position
Contro
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Figure 4-14 (a) Block diagram representation of hysteresis current control;
(b) current waveform.

Chapter 5

Mathematical Description of
Vector Control




Motor Model with the d-Axis Aligned with the Rotor
Flux Linkage Axis

Figure 5-1 Stator and rotor mmf representation by equivalent dg winding currents.
The d-axis is aligned with /T, .
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Simulation with d-Axis Aligned with the Rotor Flux Linkage
(line-fed machine; achieving vector control is not an objective)
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Figure 5-5 Simulation of Example 5-1; FileName: EX5_1.mdl
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Simulation Results match that of Example 3-3
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Figure 5-6 Results of Example 5-1.

Vector-Controlled Induction Motor with a CR-PWM Inverter
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Figure 5-7 Vector-controlled induction motor with a CR-PWM Inverter.

Speed and Position Loops for Vector Control
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Figure 5-8 Vector controlled induction motor drive with a current-regulated PPU.




Design of Speed Loop
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Figure 5-10 Sirmulation of Example 5-2; File Name: EX5_2 mdl
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Simulation Results of a Vector Controlled
Induction Motor Drive
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Figure 5-11 Simulation results of Example 5-2.

Calculation of Stator Voltages in Vector Control
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Design of the Current-Loop Controller Simulation of Vector Controlled Drive with supplied Voltages

Example 53 File Name: EX5_3.md|
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+ R +50Lg

Figure 5-13 Design of the current-loop controller.
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Simulation Results of Vector Controlled Drive with supplied

e Chapter 6
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Figure 5-15 Simulation results of Example 5-3.




Initial conditions
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Figure 6-1 dg windings at  =0".

Effect of Detuning due to Incorrect Rotor Time Constant
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Figure 6-3 Actual and the estimated motor models (blocked-rotor).




Simulation of Vector Control with Estimated Motor Parameters

Double Click o
load parameters and initial conditions

Effect of Detuning in Dynamic and Steady States
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lsd/lsd*
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After Simulation. Double Clidkto .‘ Tem_est I et »l
plot results using MATLAB Teminator ™ 7
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Wimech (of— —
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isq
Isq_ref RN
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Eq 318 Wmech Actual Motar
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Figure &-4 Sirmulalion of Example 6-1; File Name: EXE_1.mdl I
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Figure 6-5 Simulation results of Example 6-1.

Calculations of Steady State Errors

s -axis

isﬁdq

_liy
Wiy =———
Ty Lyq
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_ 1 Iy
wdA,est - T

K
rest iy
Figure 6-6 dg windings at ¢ > 0; drawn for kr <I. .
1 isq _ 1 isq
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Tyest igg Trlsd
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Calculations of Steady State Errors

. . (continued) *
Gest ~aX1S Is dgq = sq
K
Isd
[ 2% 1+ m2

49 sd
€ kT *
Isq Isd

Oery = eis,est - gis

Figure 6-6 dg windings at ¢ > 0; drawn for & <1.
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Chapter 7

Space-Vector Pulse-Width-
Modulated (SV-PWM)

Inverters
Advantages

* Full Utilization of the DC Bus Voltage
» Same simplicity as the Carrier-Modulated PWM
* Applicable in Vector Control, DTC and V/f Control

Synthesis of Stator Voltage Space Vector

Sa = 0 271/3 413
+ . ) 5 () = v (e’ +vy()e! > +ve(t)e!
a

e \g) (2) Va =Van FVNS Vb =VeN FVNS Ve TVen FVN

V) ——
(3) /0 +¢/2713 4 4T3 _

- sagy = 0 27/3 473

> () W () =vane’” +vpye! 77 +vye/

Ga B 4 (5) 75 () =Va(qqe”® +gpe’>" +q.e74 )
Figure 7-1 Switch-mode inverter.

Basic Voltage Vectors

7,(010)

(011
O 79(000) =7y =0
sector 2 ‘7;1(001) :‘71 :VdejO
sector 1 _ . 27113
sector 3 ¥ 79(010) =7, =V e/ "
5 5A011) =7y =V,e/7"3
Vg (110) a0 . ) 3
Vg (100) =v4 = Vde]
3410 =v< =V, ejSIT/3
sector 4 sector 6 s ( ) 5 d '
VE(110) =V =Vye/ "
sector 5 \7;1(111):177 -0
74(100) ¥5(101)

Figure 7-2 Basic voltage vectors () and ¥; not shown).

Synthesis of Voltage Vector in Sector 1

() ¥ = xT,7; + 37375 +2T, O]

N

(2) Vi = xvy + yv3

B)x+y+z=1

4) I}Sejgs =deejO +deejm3
Figure 7-3 Voltage vector in sector 1.




Synthesis using Carrier-Modulated PWM

Viri
N _____Yeomrota N _________

0
v,
) Ve (6) vy (0) v, (1) =0
VaN
0 _)12_ v x/2
d Veontrol,a —Ya"Vk
- Vyl2
0 kil 22, yI2 Viri al
4 — Veontrol,b _ Vb ~ Vi
2/2 ’ 20/2 — =
: ol | Ve Val2
Z5l2 Veontrol,c _ Ve ~ Vi
I ST =
Vtri Vd /12

Figure 7-4 Waveforms in sector 1; z =z +z7.

_ max(Vg,Vp,Ve) +min(vy, vp,ve)

2

Synthesis of Space Vector using Carrier-Modulated
PWM in Simulink

.
- b
b

‘Vr\ weortrol_b
Sine Wavel we  woortrol_c

abo--> CONTROL

Sine Wave2

[ —>Cee] [z

Repeating
Sequence

Control Waveforms for Carrier Pulse-Width-Modulation

weontral,

n I i 1
0 0.005 0.01 0015 00z 0.025

veontral,

!
005 00z 0.025

L L
1} 0.005 om

veontral,

L I I
1} 0.005 om 005 00z 0.025

Figure 7-6 Simulation results of Example 7-1.

Limit on the Amplitude of the Stator Voltage
Space Vector

- s @t
(O] V;l,max @)= Vs,maxe o

0

. 60° 3

) Vs,max =V, cos( )= Va
2 2

_Va

s,max — \/5

>

w | N

3 Vphase,max =

P
(4) V1 (rms) =3 2hesemax _ Va

R 0.707V,
Figure 7-7 Limit on amplitude V. ﬁ \/5 d

NE)
(5) VLL,max(”ms) =ﬁVd =0.612V;  (sinusoidal PWM)




Chapter 8

Direct Torque Control

(DTC) and Encoder-less
Operation of Induction

Motors

DTC System Overview

Measured Inputs: Stator Voltages
and Currents

K@

L

5 o v,* q Estimated Outputs: 1) Torque, 2)
/| Mechanical Speed, 3) Stator Flux
Wnech| ~ Tym Amplitude and 4) its angle

Selection '
of

Vs

qc

Estimator - li” lib li“

Figure 8-1 Block diagram of DTC.

Principle of DTC Operation

Ag()

‘7s AT
Ag(t—AT)
A(6)=A,.(t-AT)

A .
o Rotor 4-axis

o A-8XIS

Figure 8-2 Changing the position of stator flux-linkage vector.

Tpm = EL—Z’"/TS/T, siné,,
21

esr = gs - 0}’

Calculation of Stator Flux:

. > d 7 3 kg { - - A ‘0
W=RE A = A () = A (1 - AT) +t_jAT(vS ~R,i,) @r = /%

Calculation of Rotor Flux: o )
Estimating Mechanical Speed:

S - s B
=" (A, —0Lgi,) =A,e/""
r =7 (s TOLds) =Are d , _6,()-8,(t-AT,)

m w=2g
2 dt AT,
where  ,_q_ Ly,
B _2(3 ) T,
C()slip - E r /,i_z
Estimating Torque: p P
T, =§Im(7lswnj i) Wy = @ = Wi

Whecn = (2/ p) Ay




Inverter Basic Vectors and Sectors

73(011)

75(110) 7 (001)

/ c-axis

Figure 8-3 Inverter basic vectors and sectors.

Stator Voltage Vector Selection in Sector 1

Vs V3
Ay
~_sector 1 Ve Vi
Aoy N\

Figure 8-4 Stator voltage vector selection in sector 1.

Selection of the Stator Voltage Space Vector

#(011)

-~
-~
5 (110) 500 Effect of Voltage Vector on the Stator
O Flux-Linkage Vector in Sector 1.
~N
~N
v, T,
75(101) S em AS
v increase |increase
Figure 8-3 Inverter basic vectors and sectors. 3
¥y V3 o8 increase | decrease
= /g/ v decrease |decrease
““““““““ _sector 1 Vg Vi 4
T Ay \Vs Vs decrease |increase

Figure 8-4 Stator voltage vector selection in sector 1.

Effect of Zero Stator Voltage Space Vector

Rotor A-axis at t
Rotor A-axis at t-At

= g-axis

Ags =0 Singsr ::(HS _Hr)
AGA =0 T, = k(6 = 6,)

A6, =G, + 06" = A, ATy = —k(D6y)




DTC in Simulink

Tern - Ruference [Nen]

AR n
uput is wohiage outptt is inverter =T
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Tem et Temn - Estimated [N
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Fig. 2 Torque Waveforms.
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Fig. 3 Speed Waveforms.
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Alfa Conmponset vs. Bty Comgsetnt of Fluses - State (red) and Retor fgroen)

1
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o

el

15 -1 45 0 0s 1 15
Alfa Componint

Fig. 5 Stator and Rotor Fluxes.

Chapter 9

Vector Control of
Permanent-Magnet
Synchronous-Motor Drives

Non-Salient Permanent-Magnet Synchronous Motor

Figure 9-1 Permanent-magnet synchronous machine (shown with p=2).

Asa = Lyisqg +A fd Asq = Ligy

Non-Salient Permanent-Magnet Synchronous Motor
(Continued)

. d
Vsd = Rylsq +E/]sd _wmAsq

. d
Vsq = Rslsq +E/lsq Wy, Asd

_P . : _P . . N 4 .
Tom _E(Asdlsq _/]sqlsd) Tom = 5[(lesd +/]fd )lsq _lesqlsd] _EA_fdlsq
_Pp
Wy = E Wnech
Tem — T},

— Wnech =
dt Jeq




Per-Phase Steady Stead Equivalent Circuit

WLy Wy L,

W, L

‘m s

m

Efa (Eja :kEwm)

Figure 9-2 Per-phase equivalent circuit in steady state (c,, in elect. rad/s)

Vsd = Rylgg _mesisq

Vsq = Rsisq +y Liisg + gy, Afd

‘75 =R‘§Zv +ja)mLsZ§ +J V3/2[";n/1fd
- 7

A 2
Eg =\g/|fd Wy, =kpay,
AL

kg

2
kE :\/;Afd

Controller in the dq Reference Frame

dg | v | PWM

abe v, Inverter

sensor

decoupling
terms

. d . .
Vsd = Rylsq +Lg Elsd +(_meslsq)
— 1

6,(=2a,,
I ( B htech)

Isd  abe
to
igg| dgq
o 1 |

KN

Figure 9-3 Controller in the dq reference frame.

compg

. L2 s 3.
‘lsd ‘2 +‘1sq‘ s qu,rated(:\/;la,mted)

. d . .
Vsq :Rslsq +L d Isq +ay, (Lgisq +/1fd)
—

compg

Vector Control of a Permanent-Magnet Synchronous-
Motor Drive

Figure 8-4 Simulation of Example -1 File Name: EX3_t.mdl |
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Simulation Results
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L L ! ! L L ! ! !
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Mechanical Speed [radfs]

L
000 001 0015 002 0025 003 0035 004 D046 005

Figure 9-5 Simulation results of Example 9-1.




Salient-Pole Synchronous Machine Winding Voltages It
i Lyr Rv +
i of f .
;W\,—@ Y YY) /YYY\—I\N\,i
YR w, Aq Ly Lypg Ry + Vi
Vsd Vrd
: 3 Ly §
) (a) d-axis .
isg Irg
— «—
* R Wy /]sd Lys L({rq R’q +
Vsq Lmq Vig
Lyg = Lyg +Lyg Figure 9-6 Salient-pole machine. () g-axis
qu =L, gt Lyg d Figure 9-7 Equivalent circuits for a salient-pole machine.
) Asd = Legisq ¥ Lyngirag ¥Lmai i Ava = Lediva + Lngisa +Lindi £ Veg = Ryigq +— Agg =W A . .d
Lfd =Ly + L(fd Asd ] sd.sd md. rd ‘md* fd Ard ] rd 'rd ‘md .sd ‘md' fd sd stsd Z, X sd 'm”sq &‘i = Rogiyg +E /]rd
Lyg =Lypg +Lyyg sg = Lsqlsq * Lmg'rg rg = Lrg'sq *Lmg'sq Vg = Rlsq *—-Asq *0nAsa =0 d
_ Afa = Lygig +Lipgisq *Lngira d Vrg = Regirg +—Arg
Lrg =Lmg *Lirg via = Rpaifa *—-Apa =) a
Electromagnetic Torque , ,
Space Vector Diagram in Steady State
Asa = Lsqisq + Lingivg +Lingi g Im
N2/3v
Asq = Lgisq + Lingirg Vsd |- T8 T d
V273, Iy
_p . . : g-axis
Tem _E(/lsdlsq _Asqlsd) Vsq Re
Tow =21 Lypa G g +iv)isy +(Log —Lyg Visgisy =L ivgisg]
em = 5L "m f rd )'sq S sq )tsd'sq mg rq"s (@) ()
field+damper in d-axis saliency + iy = E*
Vsd T JVsq = 3Vs
d-axis
Figure 9-8 Space vector and phasor diagrams. i+ jigy = \E 7
S sq 3
/]sd = Lsd Isq +Lmdi_ 1d /]sq =quisq
Vsd = Rylsq _mesqisq Vsq = Rsisq + Wy Lygisg + WLyl fd
Vsd +jvsq = Ryigy +szisq +jWy Legisq +j04andifd _a}nl‘sqisq




Cross-Section of a Switched-Reluctance Machine

Chapter 10

| —0°
Onecr =0

e
. /—7

Switched-Reluctance Motor (SRM)
Drives

Figure 10-1 Cross-section of a four-phase 8/6 switched reluctance machine.

Aligned and Unaligned Positions for Phase-a Typical Flux-Linkage Characteristics

| meh = 1 : : ; ; ; ; : :
Hmm a
un
‘/—7\ / nol i

aligned position —

]
|
| 081 B
|

07r al

1 06+ b

a

(V-sec) 051
04t 1
03

02t 4 ,

= unaligned position

01F — — |

1] 2 4 & 8 10 12 14 16 18
(@) (b)

_—

i (A)
. . . . - Figure 10-3 Typical flux-linkage charactersticfof 83 SRM.
Figure 10-2 Aligned position for phase a; (b) Unaligned position for phase a. eure ypieal flux-linkage characteristics of an




A Calculation of Torque
Az il — — - — — —= 2 AWmech =Tem AHmech
A+——-—-——-— 1
91 +A6mech | AWeleC =area (1 _Al —Az -2 —1)
|
1
: DWyorage = area (0=2 Ay =0) —area (0 =1 -4 ~0)
|
0 1. > AWpeeh = DWojee — AWstorage
. i

a

Figure 10-4 Calculation of torque.
Ty DO =area (1= A —Ay =2 -1) ~{area (0 -2 A, -0) —urea (0 4 #; 0)}
={area (1-A; =Ay =2 —1) +area (0 -1 -A; -0)} —urea (0 2 A, 9)
area (0-1-2-1p —0)
=area (0-1-2 -0)

ow'

p _area 0-1-2-0) Ty =

em
JAY- 0Bmech i, =constant

Waveforms Assuming Ideal Current Waveforms

20

i,(4) 10 v, =Ri, +e,
0
a0, b o0 d
1
e, = 7Aa (la 7Hmech)
A dt
05
(7 -sec)
Yo & o 3 a4 d 04 d
o e, = 76.“ ;ia +ag 4 ; 'mech
i t ;ar
o 30 o = 04, d _ 04, w
300 a = . Ymech — mech
o) 20 e i a 06nceh la
100 Wmech
0
0 O (de) %

Figure 10-5 Performance assuming idealized current waveform.

Performance with a Power Processing Unit

20

i (A) 10

A5t
(V-sec)
6, r

oo
KN
K
KN

Figure 10-6 Performance with a power-processing unit.

Role of Magnetic Saturation

A aligned

position

unaligned

position

o

i

a
Figure 10-7 Flux-linkage trajectory during motoring.

Wem

Energy Conversion Factor =
Wem + Wf




Power Processing Unit

Kg
=

Determining Rotor Position for Encoder-less

Operation

6,

A
v
ech
+ < |pat o |Dpet o |pd1 s J. (A, i) nech
== 3 3 3 ’
Ve 77 5 8 g n i
_ o o o iR
Da2 Dc2 Dd2
A A Aa T
l l Figure 10-9 Estimation of rotor position.
Figure 10-8 Power converter for a four-phase switched reluctance drive.
Control in Motoring Mode
A!l
gate
L, current power
controller converter
signals
position

Figure 10-10 Control block diagram for motoring.




