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Electric Machinery (. #° 8 )

(1) Moving devices (Rotary and linear electric machines):

Motor: Electric energy >> Magnetic energy >> Mechanical energy
Generator: Mechanical energy >> Magnetic energy >> Electric energy.

> Motor and generator have the same structure, only the operation is different.

DC generator DC motor
Electric Electric
—=> power <— power
— . < +
Load | Electrical = Field < — DC
T Source
Mechanical Mechanical

power =T, Mechanical ~ POWEr =T,

B Generator: e=Blv B Motor: f=B I



Structure and developed torque of a DC motor (with brush)

B Torgue generating capability of a DC Motor is the best among all
motors, since the flux and armature conductor current are kept in
quadrature in nature.
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(2) Static machines:
(a) Transformers
Electric energy >> Magnetic energy >> Electric energy

it , => \
N = Flux
Vi N1 N2
\_ < J

Nl/Nz =V1/V2 =i2/i1

» Basic functions: (1) Voltage (current) transformation;
(2) Impedance transformation); (3) Isolation.

/— Mean path of
/  Magnetic Flux

(b) Inductors: Energy :>

storage components




5 i Bk %o (Motor drive)

W - P SEBRPL - EREHE [}/F/ﬁk’ﬁg“#?i%ﬁ LA oo v § i
AL RS A Re bR L 46T R L B -
(Motor drive is an interdisciplinary mechatronic system mcluding motor, mechanical
load, power converter, controller, transducing and sensing schemes. The proper design
of motor and the proper match between the constituted components should be made for

yielding good driving performance.)

Rectifier VVVF
(SMR, charger) Inverter oﬁtge
vV e
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ootk [ 1] b s roe
stage source c | motor
Oo— .
Ba-tI-ter;Iand ’ Vehicl
f ehicle

: capacitor
Isolation | Isolationand | | | >
interface driving

Switching

Command Controller > control
Control = scheme
section y\
T Current feedback

\elocity and/or position feedback

® Requirements: Reliable, low cost, miniaturization (smaller volume and weight),
higher efficiency (energy saving), low vibration and acoustic noise, etc.



Some key issues of EV motor drives (EV 5 £ 55 % sv— & B 425 72)

Off-board quick charger
|

6.

3P
AC

Multiple sources?
Buffer storage? SC?
DC-link ripples.

1P
AC

©-=

W Front-end DC/DC converter
for inverter.

B PAM and/or PWM controls.

B Dynamic braking.

M Inrush current.

B Storage types and controls.

B Battery sources.

B Battery charging.

B Super-capacitor buffer.

B Renewable or distributed
sources.

l|3|v||(R, ITFC a{,‘d DC Command —>»
ink voltage boosting.
W Converter quadrant number. Feedback —>»

N

M Encoder types.
M Resolution.
M Interfacing to DSP.

TT

Controller

fS 1tC 1tA

B PWM control, harmonics.
B Random switching.
and filtering.

B Tuning control for specific motor.
B Digitization of control scheme.

B Dynamic modeling and estimation. L
W Feedback sensing, transducing, signal conditioning

B Common DSP for multiple power stages.
B Acoustic noise and vibration reduction.

B Dynamic control: (current, speed and/or position).

B Motor type. )

B Inverter type and devices.

B Match between inverter, motor and load

W Voltage utilization. _

B Dynamic and regenerative braking.

B Field-weakening.

B Harmonic effects. )

W Gate driving signal isolation.

B |nterfacing and sensing.

B Current changing rate and response.

B Neutral isolation or not.

B Reflection due to unmatched
impedance. )

B Power module, SOC promotion.

Load

T
,‘J,B

B Match between motor and
load.

M Load types.

M |oad parameters.

M Load required performance.

M Motion pattern.

M Speed range, constant
torque, constant power.

W EV,PHEV: Charger,
V2G,G2V,V2H operations.

B Miniaturization.
B Cost effective.
W Reliability.

W EMI problems.
B Grounding and

shielding.
B Motor ripple i Va—€am + OZO: Vah A ]
current: SR 7 = la1 +lpp
Al h=2 £ pn
m Motor current i, OCVd AT NP
changing rate: gy L AT .




Classification of commonly used motors

B Classifications of rotary electric machines (=i 7 1% 4 #f)

— X3¢ (Permanent-magnet, PM)
4 “,ﬁ_ 5‘
*E‘([’)C — 1 ;53¢ (Separately excited)
machines). o — I (Shunt excited)
_(Sekif;g(?:ited)__ B ¥ (Series excited) ’
\w& I: < I 5 (Long shunt)
. ‘& - 85 (Short shunt)
— AT
(Compound) s # 4§ j#(Differential compound)
/ -
= 5\ T AR
B4 4g B (Under-compound)
_ (Cumulative | T 35
DC motors to be pursued compound) 1 (Flat-compound)
s b o o . | B AR B
B B ESRE T i K2 H %) (Ovirf;ci)mpound)

B Shunt motor : IM, BDCM (PMSM)
B Series motor : SRM




A

= #p (Three-phase, 3P)

— ¢ % # (Synchronous machine) ¥ 47 (Single-phase, 1P)

5 14

A %51 =\ I I
_ . = Jn He& ;¢ (Wound-rotor or slip-ring)
(AC machine) : — (3P) £ # 7% (Squirrel-cage)
(Induction motor) AR é(Sp“t'F.’hase motor)
¥ 4 — & 7% 5 1% (Capacitor motor):
(1P) Capacitor-start
— Capacitor-run
((Sa ljlél’;el) Capacitor-start, capacitor-run

Bk
(Special

machines) :

cage type) [— #xi& 5 i (Shaded-pole motor)
— & * (¥ * )5 £ (Universal motor)
(e %5 £, i.e., Series modtor)
— 5 i& B i (Stepping motor) — H#
PR RIES (Switched-reluctance motor (SRM):
(R EFEFCER R REMENEEE)

% & F16 & (Brushless DC motor, BDCM) [~ & &% (% it %)

(pﬁ_ﬁﬁg%, ¥Rz B ) 8 BIRERD (52 3)
— © & 5% 5 i (Direct drive (DD) motor):

Possess high and smooth torque at low speed, no gears are required.
— &5 i (Linear motor)
— 3 B 5 £ (Moice coil motor)
— A2+ 5 £ (Ultrasonic motor)

— H # 5 % (Others)



Idealized developed torque characteristics of some typical motors: (a) Brush DC motor;
(b) switched-reluctance motor; (c) three-phase sine-wave permanent-magnet synchronous
motor; (d) three-phase square-wave permanent-magnet synchronous motor

(Single coil)
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Commonly used motors and their converters: (a) DCM and full-bridge converter,

(b) SRM and asymmetric bridge converter; (c) three-phase motors and inverter

IM, PMSM,
SynRM

11



Synchronous reluctance motor
(Slotted stator with distributed armature winding + slotted rotor)

Inverter

Vde ——

Switched-reluctance motor
(Salient stator with concentrated armature winding + toothed rotor)

Asymmetric bridge converter

SRM

Vdc __
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N

(Wind generator system)
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(The generator and its followed power converter must be properly chosen,
and the control must also be properly conducted.)

Wind generator:
Varied-voltage Gear
and varied- box
frequency
AC voltage.

Power
stage

Blades

_Isolation __________
interface

_ AC/DC DC/AC Utility
Induction Converter Converter grid
generator or SMR (Inverter)

e
LT ] L —1
Vdc
LT

ey Command —)
SCHiON  Feedback —

______ R#5% | _Isolaionand | ______
LW = driving

Controller }—» Switching control scheme

(\elocity, power,
voltage, current,..

)

M Requirements: Reliable (particularly for offshore WG), higher efficiency,
smaller volume and low weight, low cost, miniaturization, low vibration
and acoustic noise, etc.
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Typical micro-grid or distributed power system configuration

DC microgrid

Batteries or other Micro- id oxi
sétlgfagiss%u?éeg P turbines S?L'S c();)é“je
(power buffer)

Sy @ e

DC/DC| |DC/DC| |AC/DC| |DC/DC

vy v -

AC microgrid

Batteries LV AC bus

or other

storage
sources —»| DC/AC

—>

SOFC —» DC/AC >

PV - DC/AC [

Micro-
turbines

T

AC/AC

T

AC/AC

()

DC-ring distribution bus DCIAC —"-
v v 4

DC/AC DC/DC AC/DC

LS

Advantaqges of DC microqgrids

¢ High network quality

o Higher power transfer capacity

o Lower disturbance injected in the AC main public network

o Simplification of converters connecting the DG to the network
o Simplification the converters powering the loads

Power
electronic
devices and
conditioners

AC/DC

—» Load

AC/AC

| oad

AC/DC

—» Load

v v v oy

AC/AC

L |oad

e APF

e SVC

e Dynamic voltage
restorer

¢ DSTATCOM

e Solid state transfer
switch




Interconnected operations of EV to grid, microgrid and BESS
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Traditional aircraft power system

> In atraditional airplane, the jet engine is designed to produce thrust and to
power the pneumatic, hydraulic, and electrical systems (Figure 4).

\I/ Jet Fuel

Lﬂ‘é Thrust for Propulsion
l A 4

Gearbox-Driven Units High-Pressure

Air from the Engine
(Bleed Air)

J

Pneumatic Loads
Such as Environmental
Control System

Hydraulic
Pump

Oil Pump

: Pneumatic
Electric Load
ectric Loads Starter

Figure 4. A traditional aircraft system.

y
Other

Accessories
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More electric aircraft (MEA) power system

> In an MEA system, the jet engine is optimized to produce the thrust and electric
power. The electric machine is used for starting the engine and generating
electric power. Most of the loads are electrical, including the de-icing and
environmental control systems. The fuel, hydraulic, and oil pumps are all

driven by the electric motors.

l Jet Fuel

—» Thrust for Propulsion

Jet Engine

Generator Can Be Mounted to the
Shaft as Embedded Generator (or on
the Gearbox)

Power Converter (ac to dc)

Y

Y Y Y

Y Y

Power Converter || Power Converter || Power Converter

Power Converter || Power Converter

Traditional . .. .
Aircraft Electric De-icing Environment

Galley Loads Control System

Oil, Hydraulic,
and Fuel Pump

Electric Load

17



Different types of electrical power generation systems
In More Electric Aircraft (MEA)

O In an MEA, the thrust for SAEE S
aircraft propulsion is fully @ csD—(Gen yas e
provided by the jet engine. In
addition, the jet engine driving VR Syt
a generator Is responsible for Cyctocorverier ——/7/-{—ll (715
proving the required power for VSGCF with
all of the electrical loads. de Link System E
. CF ac Bus
O The different types of C°""e“ef_ inverer 77— w00z
electrical power generation VF System
systems currently being used . . Y/ VF ac Bus
in airplanes (Fig. 3). (380-760 Rz)

VF/270-Vdc System

@ @ /,;/// Converter 1 270 Vdc

dc Emergency Power
Engine @ Converter 4| }_ 28 Vdc

Electrical power generation strategies in aircraft (K. Rajashekara, “Converging
technologies for electric/hybrid vehicles and More Electric Aircraft systems,” in Proc. SAE Power
Systems Conf., Fort Worth, TX, Nov. 2-4, 2010, Paper No. 2010-01-1757).
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Left Engine

------

Right Engine

Gen i APU | Gen
CBI CB3 ] CB2
230/115Vace | ) ) ) YY) 2300115 vae
350-800 Hz CB4 CB5 350-800 Hz
. g .- . .
e . -
» . - v »
270 Vdce CBé6 270 Vdc
_ CB7
230/115 Vac ~ | 230/115 Vac
400 Hz i’ 400 Hz
28 Vde CBS 28 Vde

FIGURE 5. EPS with primary dc 270 V bus (HVDC EPS). Different loads are
connected to corresponding busses.

[*] “Electric Power Systems in More and All Electric Aircraft: A Review”, IEEE Access, vol. 8, 2020..
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Left Engine Right Engine

Gen . APU Gen
CBI CB3 l ‘B2
230Vac )| ) ) ) CBINN Y 230 Vac
350-800 Hz CB4 CB5 350-800 Hz
. > + - .- L 2 . 2 P
* * s - . +* +* —

] =28vde CB6  28Vde & |

L W
ll"\._f_. 1
ATU
L W
(g W
RL
i W

-

=4

— 2 .. L=

-

270 Vdc CB7 270 Vdc

. : —
115 Vac, 400 Hz CBS 1135 Vac, 400 Hz
= - i
- " s

b g

FIGURE 6. EPS with primary ac 230 V with variable frequency 350-800 Hz
bus. Different loads are connected to corresponding busses.



Power architectures of a typical all electric ship

MVDC
MVDC I S e \/1\/DC
I TG? . .l @® More Efficient
urome -
Gl CB1 Ds7 de .
| ~ Py de L = M o M{(};; Reliable
| ~ ac i eaper
v ——___ IT@e T
Efe';el — Propulsion
MNotor I .
-~ EEE\ de DS?2 de I C
|f_\ B — E—
Y a |— T
Port Bus
B Load CB15
I bhlore Sower I BC | Bus Transfer CBI13
nterface CB5 . —
P e q e e
L ) ), = IS
\_ _/ I ac I /g_'“l\ dc Thruster
Turbine a3 CB6 Starboard Bus
2 .
- ! de Ds4
A il
(j ac Starboard
Propulsion
: Ds8 ac
Diesel - —
Motor Ga dc
- CB8 de DS5
= ac F ] ——————
—— — — e — Dss I T
Dsé - Pulsed
Energy de . . I d ﬂ EDZZ I E
Storage de I — I C
Capacitors/
B _———_——u
N A T S S T
(a) Main distribution bus is medium voltage dc.

[*] Aditya Shekhar, Laura Ram’irez-Elizondo, and Pavol Bauer, “DC Microgrid Islands on Ships,” IEEE 2017 ICDCM.



Power architectures of a typical all electric ship (AES)

MVAC
A — Main Bus M VAC

Gas
I Turbine Gl CB1 I P CP:IU T
: N
I 0\ T de ° _l_f_—\__ ac
I N ac de I
Diesel CB11 l = " Propulsjon
Motor N
G2 CB3 ac ac CB4 [ d | I C
- N N ac <
b ac df_‘ ] h A A SN IS SN E— J
Port Bus
B =
r -'— —' A E— STy LWAC
Shore Power . . I BC [ Bus Transfer
I Interface CB5
I ( N I Bow
}___ —_— - ———————= B W W ) CB]_
Thru
A NN
ag S E— L ey AD

Turbi ;

urbine G3 CB6 CB7 Starboard Bus

- N de ac TN

LA —
- ac de Starboard
CB12 Propulsion

Diesel T de ac
Motor ac de |

G4 CB% CB9
i~ N de I+ ac f'_‘“\_
b ac L1 de — e — — — —
Pulsed
l B J—‘ Load I E
Storage de de

Capacitors/ — I — e o o e e—
I Fuel Cells

Energy

(b) Main distribution bus is medium voltage ac. 29



5 i BRd % XL (Motor drive system)

Diagnosis, protection Control section €& | == Power section
# #9), (#E)
e Isolation and driving
(33 %) <4——» (Optocoupler or transformer)
Software (#; 8 (P& ~ Zdv)
(DSP) §$1 = Hardware (4 %8)
(Customized LSI circuits) - a2 2
B @R . () p (BLAF) @8I (pyp
K K 57 0 — (18¢) %)
+ » i pen-loop T 5 Mechanical
Position | + Speed || Current control Power | 21 |l Motor -_I
PO controller controlle [P@—P|controller ¥ (switching converter | ¥ load i
e w - r - control) T. ®
(hadly-§ i ok e T, (Load torque)
= Speed oo J Motor (developed 'L a
feedback loop Current feedback loop Byotor  torque) B, .4 (Damping ratio)
d/dt (& & & 4) (& i 3) 3 ong (Inertia
o5 D S 0 constant)
(i B @ ) I
Position feedback loop
A
BB ET M ok B A ET B R
4w jeiw 32 (Multi-loop control) 7 e e 2 (Multi-loop control) ,
fefd e 2 i (v £ 12040) fefdd: 2 B & R (] 2 e £ 3 40)
(Transformation and decoupling (vector) control) (Transformation and brushless control
o B 2 At o (decoupling or vector control)

3 4p # = (Commutation shift)$ 41

ez 4 (Excitation control) 2 33 2 ¥+ (Field-weakening)
3 & 74| (Voltage boosting control)

R 2 R BCEF L * R R~ 2 (Sensorless)

& Yu g B im p) (Parameter identification)

B -2 53R

# & ¥ 41 (Voltage boosting control)

o iplie P2 BolF L F R JR] 2 (Sensorless)
% % 4B i R (Parameter identification)

it &4+ (Adaptive control) i B4+ (Adaptive control

ﬁ,\ i ¥ #1 (Optimal control) ﬁ,i 241 §Optirr)nal control))

&7 124741 (Robust control) 7 14241 (Robust control)

I & 4241 (Intelligent control) % £ 4741 (Intelligent control) 23




Selection affairs of AC servo motor drive (2 7w @R 5 £ g B2 5 H)

© Basic control band-width requirements (£ 4 5 & &):

Small-signal torque loop (current loop) B.W. ~ 2kHz

Small-signal speed loop B.W. ~ 200Hz

Small-signal position loop B.W. ~ 20Hz (depending on
mechanical load)

© Selection factors:

Cost

Power density
Torque-to-inertia ratio
Speed range and peak torque
Losses and thermal capacity
Torque-per-unit current
Braking

Cogging and ripple torques
Choice of feedback devices (Absolute or incremental encoder)
Parameter sensitivity

Others
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5w e B P e - A8 B
(Multi-loop cascade control scheme- loop bandwidth)

i *(T™)

Current
(torque)
controller

v cont

—>

0 €p R
r o+ Position |7 Speed - —>
controller controller
i(T)

Current loop BW = 2kHz

Speed loop BW = 200 Hz

Position loop BW = 20Hz
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Physical modeling process of static devices
(Inductors and transformers)

1. Energy transfer analysis and dynamic modeling:

- Linear magnetic circuit assumption:
Hysteresis loop >> Magnetization curve >> Linearized
magnetization curve (Neglect saturation effect).

- Flux linkage < > exciting current: 4 = Lj
- List voltage equations.
- Equivalent circulit.

2. Performance efficiency analysis:
- The core loss Is added.
- Equivalent circuit: a shunt core loss resistor iIs added, which
can be estimated from measurements.
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(‘

IF

N
ok

-3 7 . (Inductor equivalent circuit)

(i—> Ng)
Leakage
inductance ‘ -
¢Mutual \ L 1 =| 'Yla nettlzmg
_ r—> flux a | | $= nductance
S AN Y'Y \_— /
_> 7N AN
W D + R IC |
Ry rHHg 1 m
N [T iy Leakage g ») R L '
L - ,'¢| flux A v Core » ' C m
T _ loss
/ \-/ O ]
Core loss is zero ’ f
Cross sectional for the neglect of (i— Ng)
area = ab hysteresis loop
(2 Linearized
magnetization
B curve
Hysteresis Magnetization
curve curve
H .
> (1)
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N

o — S AAM—0
& A 3 . A
I
Irn}.
Vi By E; Vs
Xml
fo o o o

Ni: N>

|deal transformer
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Primary winding resistance, Secondary winding resistance,
Primary leakage reactance Secondary leakage reactance

...........

b g A
I
E; Vs
. o
Core loss resistance, Ny: N>
Magnetizing reactance

Ideal transformer

Equivalent circuit parameters:

(1) Some are used in specific
DC-DC converters (Flyback
converter (Lm), LLC and
CLLC converters).

(2) The effects of parasitic
parameters must be
considered for some
DC-DC converters (Forward (@)

le)
converter, ..., etc.) FIGURE 1.18 Exciting current with hysteresis loop. (a) ®-i loop and exciting
current. (b) Phasor diagram. (c) Equivalent circuit.
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Physical modeling process of rotary electric machines

1. Energy transfer analysis and dynamic modeling:

- Linear magnetic circuit assumption:
Hysteresis loop >> Magnetization curve >> Linearized
magnetization curve (Neglect saturation effect).

- Flux linkage < > exciting current: A = Li

- Sinusoidal and symmetrical winding assumptions.

- Sinusoidal and balanced currents assumptions.

- The winding inductances of some machines may be function
of rotor position.

- List governing equations in abc-domain: (1) Voltage equations;
(2) Torque and mechanical equations.

- Reference frame transformations: List governing equations in
dg-domain.

- Equivalent circuit.

2. Performance efficiency analysis:

- The core loss Is added, which can be estimated from
measurement.
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Electric machine winding inductance

N —turns

 Winding inductance
may be function of

rotor position for . q — axis
some specific ‘ ‘
machines. o [T\ il i .
> a —axIs
 Winding inductance N w R R W ,

IS decreased with
the increased
current and frequency.

 Core loss? It is significant d —axis
for induction motor and 2 [(>Na)
synchronous reluctance . R Ly
motor (SynRM). 1. Under the assumption of O AA LYY\ *
conservative magnetic field, + inlaeuacﬁg%ge lc
the core loss is neglected. v
Y% m—) Rec ;
2. Conventionally, the IM and _
SynRM possess higher core - L= L| + Lm R
losses. Hence, the core loss @, d
effects are considered in their ’ 1

specific controls for yielding : —
better operation performances, Core loss is zero (Rc = infinity)
including higher efficiencies. for the neglect of hysteresis loop

(i—> Ng)

L Magnetizing
Inductance
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