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High-power motors are 1% of motor population but consume
45% of total motor energy

100 %
° B Motor Population(2.23 billion)
M Energy Consumption (10000 TWh, 2012)
50 %
. 1IN I I -

<20 [20, 200] > 200

Power (horsepower)

International Energy Agency, 2011 3



Wide range of applications for high power motors

. . Motion
Electrical Mechanical or
Machine Load Process

Fans Compressors and

30% Conveyors

15%

Rolling Mills, Mixers,

Pumps Test Beds, Propulsion,
40% Winders, etc.
15%

High MW Converters, ABB, 2014 4



87% of high-power motors are directly connected to ac grid

/\/ ‘ Electrical Mechanical

Control

Ac Grid Machine Load Process

Fixed
Amplitude
&
Frequency

Drawbacks:
* 30% - 80% loss in control mechanism
* Reactive power sink from Ac grid perspective



Variable speed drives are advantageous for process control

y 7
EETe Machine

Process

Electrical ' | Mechanical —
| Load

Variable
Speed Control
Drive

Estimated annual benefits just in U.S.
* Energy savings - $2.7B
e Carbon emission reduction - 27 million tons

The Office of EERE, DOE , 2015 6



Anatomy of a variable speed drive
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State-of-the-art: High-power variable speed drive topologies

e Series/parallel
switches

e Multi-level
converters

e Thyristor based
Cyclo-converters

Kouro et al., IEEE IAS, 2012 8



Example: Nine megawatt commercial variable speed drive

3.3 feet

Volume: ~ 318 cubic meters
Weight: ~ 6 metric tons

MV 7000 Brochure 9



Example: Nine megawatt commercial variable speed drive

Multiple Switches & Low Switching
Frequency

MV 7000 Brochure 10



Example: Nine megawatt commercial variable speed drive

Bulky Filter

MV7000 Brochure 11



Example: Nine megawatt commercial variable speed drive

Significant Cooling

MV7000 Brochure 12



Doctoral Thesis objective

Electrical Mechanical

|
Machine ‘ Load

Reduce the size of the variable speed drive
&
provide reactive power support to the grid
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Thesis approach: Doubly-fed machines
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Pena et al., IEE Proceedings, 1996 14



Switched-Doubly-fed-Machine drive architecture

Switch
High Low

DC
Source
Or
Short

Morel et al., IEE Proceedings, 1998 Load
Leeb et al., Naval Engineers Journal, 2010
Banerjee et al., IEEE IAS, 2015 15



Switch is turned "Low" during low-speed, low-power mode
Switch

High Low

DC
Source
Or
Short
Variable
Speed
Drive
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Rotor port provides all the mechanical power

15" Low Speed
1
Power
(normalized) P =P
0.5 Mo
0
P.=0
-0.51 ! _
0 0.5 1

Speed (normalized)
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Switch is turned "High" during high-speed, high-power mode

Switch
High Low
AC Grid DC
P. = Constant Source
Or
Short

Variable
Speed
Drive
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Rotor port processes only the differential power

1.5 High Speed
P. = Constant
1
Power »
. M
(normalized)
0.5 //
7
/
- P
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”
7
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Size of variable speed drive reduces by two-thirds
1.5

Power
(normalized)

0.5

Variable

. ’
Speed Drive . ,,,PR
0 | Rating . Prad

! 7
[ P
I 7
L

0.55 0.5 1 15

Speed (normalized)

Banerjee et al., IEEE Trans. Industry Applications, 2015
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Challenges

AC Grid

e Drive design

21



Challenges

AC Grid

e Drive design
e Switch realization
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Challenges

AC Grid

Short

e Drive design
e Switch realization
e Seamless control
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Challenges

Load

e Drive design e Grid interaction
e Switch realization
e Seamless control
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Challenges

AC Grid

Load

e Drive design e Grid interaction
e Switch realization e Drive topology comparison
e Seamless control
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Challenges

AC Grid

Load

e Drive design e Grid interaction
e Switch realization e Drive topology comparison
e Seamless control e DFM design considerations
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Contributions

AC Grid

* Drive design

27



Drive Design: Minimize variable speed drive rating
subject to:

1. Machine operating within its rated condition

2. Matches drive torque-speed requirement

3. Available ac source

Transition
Reactive power switch SPeed
capability High Low

—@ Dc voltage

AC Grid DC
Source
Or
Short
Variable
Speed
Drive
Maximum
Voltage rating speed
Current rating Load

28



Choice of stator flux drives the entire VSD design space

Rotor Voltage (p.u)

Low-speed mode stator flux = High-speed mode stator flux

0.5

o Statbr Flux

________________________________________

0,81t N EE SR |
o IXN ]

1 i W B
0l /N
Low | . / High
0 | :
0 0.5 1 1.5

Rotor Speed (p.u)

29

V = iflux
dt

= relative speed X flux



VSD “current rating” is driven by high-speed mode torque

Low-speed mode stator flux = High-speed mode stator flux
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VSD “voltage rating” is driven by low-speed mode torque

Low-speed mode stator flux = 0.75 X High-speed mode stator flux
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Non-idealities in DFM lead to design challenges for
remaining within constraints

Ideal DFM Practical DFM

Acceleration

Rotor Voltage (p.u)
o
et

Rotor Voltage (p.u)

0 0.5 1 1.5
Rotor Speed (p.u) Rotor Speed (p.u)

A. Banerjee, M. S. Tomovich, S. B. Leeb and J. L. Kirtley, "Power
Converter Sizing for a Switched Doubly Fed Machine Propulsion Drive,"
In IEEE Transactions on Industry Applications, vol. 51, no. 1, pp. 248-258,

Jan.-Feb. 2015.
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Contributions

AC Grid

* Drive design
e Switch realization

33



Switch realization critical for smooth performance

AC Grid

SW|tCh S]_,q N\SZ
/A B k\
® \)——@
A C w
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Variable
Speed
Drive

34
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Example: Dc-to-ac mode transition

Lc*“'_

¢
.&zf,&zx’,!ff
3 52§

DEM Rotor
Converter

Initially :

stator connected to dc source
Finally :

stator connected to ac source
Goal :

Natural commutation of all

dc side SCRs simultaneously

35
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Condition for natural commutation of A phase SCR

X
_@Via_‘K]_P _Ar_ ‘K} Ve * |_ DC mmmp AC
Dig —h |
_@V_b B o
5 —P>—
ve [ —K—
O™ =
v Rotor : M
DFM Converter ‘
Initially :
stator connected to dc source
Finally :
stator connected to ac source
Goal :

Natural commutation of all
dc side SCRs simultaneously
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Condition for natural commutation of B phase SCR

_@Via N . X v¢“_ DC mmm)p AC
'1:L’ el
C )Vb Q B Y
5 D
Ry G —K—
> =
v Rotor
DFM Converter
Initially :
stator connected to dc source
Finally :

stator connected to ac source
Goal:

Natural commutation of all
dc side SCRs simultaneously
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Condition for natural commutation of C phase SCR

_@Vfa_‘]q_ . .]Q M{ l-_ DC mmmp AC
i —h |
_@V_b B o
5 DL
_@L Ig‘ 7
> D
N DEM Rotor ¥
Converter
Initially :
stator connected to dc source
Finally :

stator connected to ac source
Goal:

Natural commutation of all
dc side SCRs simultaneously
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Natural commutation of ABC phase SCRs simultaneously

A 2 L{ DC mmm)p AC

L PiF
. K
=
>

C

Y 3Y Uli! ff

/|

v DEM Rotor ¥
Converter

Transfer scheme: dc to ac
v' 51 and S2 should not be ON simultaneously
v" 51 and S2 should not be OFF simultaneously
v All phases switch together

v' Minimal “supporting” circuitry

** Minimal perturbation on shaft behavior

39



Prototype SCR-based Transfer Switch

Thyristor Board V1,8

Ac Source L IO Dc Source

g -

DFM Stator SCR Gate Signal

40



Experimental Result: Dc
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Alternative transfer switch topology
) 2
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Banerjee et. al. "Solid-State Transfer Switch
Topologies for a Switched Doubly Fed Machine
Drive," in IEEE Transactions on Power
Electronics, Aug. 2016.

Banerjee et. al., "Bumpless Automatic Transfer
for a Switched-Doubly-Fed-Machine
Propulsion Drive," in IEEE Transactions on

Industry Applications, July-Aug. 2015.
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Contributions

AC Grid

Short

e Drive design
e Switch realization
e Seamless control
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Challenge: Seamless performance across entire speed range

1.5+
1
Power
(normalized)
0-5 Mode )
Transition /,P
S
0 Instant _,” i
I 7
I i
[ s’
1 -7
-0.5: L” | -
0) 0.5 1 1.5

Speed (normalized)
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Common framework for control and transition analysis

Transfer Switch

Short
OR z Doubly- :
Dc Source fod y shaft Drive Torque

/Speed
Machine

Ac Source =)

Control Port

State variables

4/N

Stator (2) Rotor (2) Shaft (1)
Stator flux D-axis current Speed
- magnitude Q-axis current

- angle

45



Stator flux transition model

Disturbance

]: :O 0] , low speed mode (shorted)

0.1 0] , low speed mode (dc source)

1 1] high speed mode (ac grid)

!

SN T
-y +V C0so X
1 d |y, X :
— — . + Xs Ird
wg dt| o V,sind .
@, — +—>7
i Vs Ve 1

[ |

Initial condition

Pre-transition stator flux magnitude
Instant of transition (SCR switch)
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Phase plane captures machine dynamics in low speed mode

1.5

T
T
S
\ | I
\ /

Magnitude |
(d)X/ cI)Y)

/
/
/
/
/
/

AN N ~ ~~ ~~ S~ S

Steady ey, @ -
state .

e e

NN NN S .
AU N N NN N
A N N N N
AN NN N N S .

S S S T S S S S = ==
N N D, S S SN

0.5

0 /4
Angle (oy, )

Banerjee et al., IEEE Trans. Industry Applications, 2015
-- ITEC, 2015 47

-



P _

/2

Angle (dy, dy)




Example: Low-to-high speed mode transition
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Maximum damping enables smooth transition from AC grid
perspective

!

1.5 s
vmahfeﬁpeed% " Maxim
D//a mpi

o Prve / /

Magnitude
(d)XI d)Y) 1

Stator
Current
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Banerjee et al., APEC, 2016 52



Mode Transition: Mapping of Operating Point on the State-
plane

Low-speed operation High-speed operation
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Banerjee et. al., "Control Architecture for a
Switched Doubly Fed Machine Propulsion
Drive," in IEEE Transactions on Industry
Applications, March-April 2015.
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Contributions

Load

e Drive design e Grid interaction
e Switch realization e Drive topology comparison
e Seamless control e DFM design considerations
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Laboratory-scaled power system as experimental setup
Generators (AC Grid)

w
‘
= — —

Switch

i e d
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Designed and built entire power system as laboratory setup
Generators (1.4 kW)

6 Machines

5 Control platforms (TI, NI, Matlab RTW, PSoC)
3 Data acquisition systems

2 Converters + Filters

Phase Three phase :<]D3—
seavence [T oom paay | S2 1 e, Dc Source
— cr;?’r;gre — Transfer R :: —I— Dy CuUl VSOS;}OO—M
I~ relay | Switch A J_
= I
+ | 600w Eectronic
Front End Inverter J_ s, | Drive End Inverter [ DEM GEN Diode BK II;oad_ Banl;S 1
(Variable voltage J' Ol_arlable voltage oSG Bridge p re(ltlls:jon
|| variable frequency) | ::Rl variable frequency) ( ontrrt:\0 ?j e;:urrent

- Electronic
DFM (1.1 kW) Load Bank

T1 C2000 PM Gen.




Experimental Results: Full Torque/Speed Range Operation

Switch
High Low
_ DC Source
AC Grid Or

Short

Front-end Drive-end
converter converter

Variable Speed Drive
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Experimental Results: Fug!N'llt'(c:)rque/Speed Range Operation

AC Grid

High

Low

_@

DC Source

Front-end Drive-end
converter converter

Variable Speed Drive

Rotor speed (rpm)

Drive torque (Nm)

Or
Short

— Reference

m— Actual

-2000

N/

0 10 15
5 T
0 —l‘ A\h
0 10 15
58 Time (s)



Experimental Results: Fug!N'llt'(c:)rque/Speed Range Operation

AC Grid

High

Low

_@

DC Source

Front-end Drive-end
converter converter

Variable Speed Drive

Rotor speed (rpm)

Drive torque (Nm)

Or
Short

= Reference |
m— Actual

-2000

° N/

0 10 15
5
o L
0 10 15
59 Time (s)



Experimental result: Seamless mechanical port

1.5 TReference
Actual
Speed
(normalized)
0.53
0)
0) 1 2

Time (s)

Transition Speed

60

High Speed
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Experimental result: Seamless mechanical port
1.5

High Speed

Speed
(normalized)

0.53:
/ I Low Speed
0

High Speed

Torque 1 *Torque Limit
(normalized)
0.75 <+ Low Speed

Torque Limit

0.55 0.75 0.95
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Experimental Results: Full Torque/Speed Range Operation

AC Grid

Switch
High Low
DC Source
Or

Short

Front-end
converter

Variable Speed Drive

Drive-end
converter

Mwmm

DFM active

,..||||.,.||||.,|||.|L| | |||||.|||.||||,||.||||||.J|..||. L i

stator |

power (W)

-200

-400

-600
0

62
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Experimental Results: Full Torque/Speed Range Operation

AC Grid

Switch
High Low
DC Source
Or

Short

Front-end
converter

Variable Speed Drive

Drive-end
converter

DFM active /l rotor |
power (W) . WW
-200
400 Wm Wm
6005 5 10

63 Time (s)
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Experimental result: Seamless electrical ports

Low Speed High Speed
15 Total
Power
Active
Power 1 Stator
(normalized)
0.5 )VVariable
Speed
Drive
0]
-0.5 |
0 0.53 1 1.5

Speed (normalized)
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Experimental Results: Full Torque/Speed Range Operation

15

Switch
High Low
. DC Source
AC Grid Or
Short
Front-end H Drive end
converter converte.”
Variable Speed Drive 95;
: 90
Grid voltage
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42,
4
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% 5 10
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Experimental Results: Speed Reference Oscillation

38

Rotor speed
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Dc link voltage
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Experimental Results: Load Torque Oscillation
Load torque ON Load torque OFF

/\ . \ tHigh speed

900,

Rotor speed  800-- ... ¥ __ mode

(rpm)

Low speed

700(5 mode
105¢

Dc link voltage
100

(V) | |
% 1 2 3 4 5 6 7 8
90:

Grid voltage

magnitude 85 ™

(V) o |
0 1 2 3 4 5 §) 7 8
41;

Grid frequency

(Hz)
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Conclusion

AC Grid

Switched Doubly fed

machine drive

e Two-thirds size reduction
e Grid-friendly

e Better efficiency

e Reduced cost

e Better reliability
68



Publications

Power converter sizing

Control architecture

12-SCR Based transfer switch

8-SCR Based transfer switch

Fault tolerant capability

Comparison of topology

Grid-friendly operation
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Back up
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Experimental Results: Full Torque/Speed Range Operation

Switch

High Low
DC Source

Or

AC Grid
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Experimental Results: Full Torque/Speed Range Operation

Switch
High Low
) DC Source
AC Grio Or
Short

Front-end Arive-end
converter cony ~rter

Variable Speed Drive

Total

1500

Generator 1000
Active power

(Watt) 500

74 Time (s)



Future Work

e DFM electromagnetic design optimization
e Evaluation in a MW-scale application
e Brushless operation

Transportation Industrial Drives Energy Harvesting
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Contributions

e Design methodology of a switched-DFM drive based on a required
drive torque capability

e Solid-state transfer switch architectures for on-the-fly reconfiguration
of the DFM

e Control platform for a seamless operation of the drive at the
mechanical and electrical ports

e Enabling reactive power support to the grid without adding extra
power electronics

e Performance comparison of different switched-DFM drive topology
leading to machine design guidelines
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Additional Publications

Single sided induction heating IECON'2013
. . . .. APEC.
f h +
Uniform heating + optimized winding 5014 A
(To be submitted)
CE

%, 3-Dimensional
\ Control
1 architecture

Mal Coaxial motor unit |

- High torque density
motor with Single

Stage planetary Gear
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Comparison of induction motor technology

Specification: 1250 HP, 4160 V, 900 rpm, Air-cooled

10

B Weight (Metirc Tons)

Cage-rotor Doubly-fed

H Volume (Cubic Meters)

TECO Westinghouse JH12508 Induction Motor GE 8411S Slip-ring Induction Motor
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Comparison: PMSG + full converter relative to DFM + partial
converter for wind power generation

Specification: 3 MW, 90 rpm

1.4

1.2

1

0.8
0.6

0.4

0.2

0
Volume Weight Cost Losses

Polinder et al., IEEE Transactions on Energy Conversion, Sept. 2006.
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S4.5 B Worldwide Market in MV Motors

The World Market for Medium Voltage Motors
Market Breakdown in 2012 - Industry Sector by Revenues ($M) and Growth (%)

1,500
1,200

900

600

d

300 __//

N\

0 I I 1 1 L) 1 1 L) T

ot . 0'3*\ \S A0S S et e\ ‘g‘ er:S
ce® C\’P’m e NN v\a‘»@\@ ooV 30 9939 \Na‘}&«’d " ot
& ° & ot

0\\ \Na“g(

Source: IHS Market breakdown in 2012. Industry Sector by Revenues ($M) and Growth (%)

Agarwal et al., NIST/DOE Workshop NGEM, 2014
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Research theme

Electromagnetics

Power
Electronics Physical

World \ World

Information - Control

-

\\ o

Energy Conversion Systems
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Motors + Energy Storage
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Medium voltage motors market: $4.5 B Worldwide

Revenues [/ 2012 Revenues
Growth 2013
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Growth 2014
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Electromechanical Actuators 101

2 Degrees of Freedom

V

=

=

o §

~

ey

Va

/

3 Degrees of Freedom

84

4 Degrees of Freedom




Switch

High Low

Variable
Speed
Drive

C@—@

Torque production mechanism and control

Switch

High Low

e ShO 't

Variable
Speed
Drive

Low speed synchronous Low speed induction

Stator flux Stator flux

= aided by the dc source = controlled by the rotor d-axis current
= controlled by the rotor d-axis current

Torque current Torque current
= controlled by the rotor g-axis current = controlled by the rotor g-axis current

85



Example 1 : 3.3 kV, 20 MW Induction Motor Drive
(Propulsion application)

Power Electrical
Converter Machine
Volume: 28 Cubic Meters Volume: 35 Cubic Meters
Weight: 11 Metric Tons Weight: 89 Metric Tons
Water-Cooled Air-Cooled AIM, 180 rpm

Source: AC56000, MV7000 Medium Voltage Drive Brochure; Lewis et.al, Advanced Induction Motor



Example 2 : 3.7 kV, 20 MW Induction Motor Drive

Power Electrical
Converter Machine
Volume: 19 Cubic Meters Volume: 49 Cubic Meters
Weight: 16 Metric Tons Weight: 97 Metric Tons
Water-Cooled Water-Cooled PM, 150 rpm

Source: Hebner et.al, Design and analysis of a 20 MW Propulsion power train, 2004



Ship efficiency improvement due to electrification

40

Efficiency g
(Diesel
to
Propeller)

10 50 100
Percentage Loading
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Enabling technology drives what is possible with
electromechanical energy systems

//_\’

Power w
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Devices
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Network
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(e.g. 3d printing)
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Seamless dynamic performance across entire speed range
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Severe Test: Mimics a ship in a turbulent weather
Propeller Out
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Stable AC generator under severe mode swinging
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Proposed power flow architecture: Prior Art

Standard Variable
Speed Drive

] 1
Normalized

Speed

Morel, 1998

Time (s)
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Power Electronic Devices

Capacity (W)

a

10 Power Control !
HVDC, FA:CT : Motor Control
™~ :
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10° Press Pack IGBT |/
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i
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Air—conditioner
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Experimental results: Stator flux transition
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Severe Test: Mimics a ship in a turbulent weather
Propeller Out
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Stable AC generator under severe mode swinging
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Transition trajectory causes massive power swing at the
grid and torque bump at the shaft

P
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Sizing comparison: High-power motors and variable speed

d rive Specification: 1250 HP, 4160 V, Air-cooled

12 B Weight (Metric Tons) ® Volume (Cubic Meters)
8

7

6

5

4

3

2

1

0

3600 rpm 1800 rpm 1200 rpm 900 rpm

Motors Drive

Medium voltage High Efficiency Induction Motors, TECO Westinghouse price book
ABB ACS1000 Industrial Drive 99



Machine design: 30 MW, 200 rpm, 4160 V, 60 Hz

Parameter
No. of pole

Stator rated
current
Rotor-to-stator
turns ratio
Air gap flux density

Stator and rotor
volume current
densities
Active length

Stator outside
diameter
Rotor inside
diameter
Rotor magnetizing
current

Value

54
2775 A

0.75T
6.5 A/mm?2

2.55m
2.75m

2.4 m

480 A

Surface: Magnetic flux density norm (T) Arrow Line: Magnetic flux density (Spatial) Contour: Magnetic vector potential, z component (Wb/m)

0.32

0.3

==
=
[
==
e

100

b=
pr{
o
o
=
o
=
0,

A 0.0198

0.0198

0.0177

0.0156

0.0135

0.0114

0.0094

0.0073

0.0052

0.0031

0.001

-0.0011

-0.0032

-0.0053

-0.0073

-0.0094

-0.0115

-0.0136

-0.0157

-0.0178

-0.0199

¥ -0.0199

A 45943
1.6

0.8

0.6

0.4

0.2

0
¥ 1.7455x1070



Rotodrive: Induction/grid connected mode

a, b: Mechanical Switch

network

T autotransformer

a / :
A%
A5 rotor
AR :C inverter
20
. e

Tl

....................................

£++0 o mode Il : : . _
: WV : : : :
SO s

.....................................

time

Fig.1 Principle of Rotodrive and operating modes . 1«
mode | mode |ll

mode Il

Fig.2 Experimental rotor RMS voltage and current against speed, con-
stant torgue

L. Morel IAS Transaction, Jul 1998
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Used as discrete operation regimes

KM3 KM
Keel o
I s 1
q\ T
NS — 44 KM1
Distribution -
Network —~—1 Rotor side Grid side
_AC TDC DFIM ! Kl:/;2 converter converter
pelll /ac 1L
Active Front Woltage Load — 1 \PriM 8 '|'
End Rectifier Inverter
Dc generator
for load purpose
Fig. 1. Configuration of a DFIM system.
Fig.2. DFIM electric configuration

Hydro-electric power station Starting method for drives

Francois BONNET, ECPE, Sept 2007 Xibo Yuan, IAS Transaction, June 2011



Ship Propulsion: Synchronous/grid connected mode

Propuision

Source

DC Source

[

N

Variable \
Frequency \
Drive Stator Connections
- = = 2
M\
| ]
g Motor :><'
(]
$ '\/‘

Rotor (Slip Ring)
Connections

Figure 5: Doubly-fed machine (DFM) for propulsion
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Rotor power, fraction of maximum shaft power
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Figure 6: Normalized DFM rotor power — unity on the
vertical and horizontal axes correspond to maximum
power P, and speed €,.

Steven Leeb & James Kirtley et al., Naval Eng.

Journal, June 2010



Seamless grid interaction to ensure stability of the ac grid

AC Grid

Switch

High

Low

-©

DC

Variable
Speed
Drive

Source
Or
Short

1.5
PM
- 1
Q
— N
g S
3 §05 i "|5/
2 0 > 7R
-0.5 V"
0 0.5 1 1.5
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Seamless grid interaction to ensure stability of the ac grid

P G HigEWitcT_ow 1 ° 5 - P
— G
rid bC —
ACG Source O 1
Or C GNJ
Variable o G;) T_U
i 5 E®”
’I
8 PS L~ PR
0 ~
S //
"
,/
- -0.5 L"
Front-end Drive-end |l 0 0.5 1 1.5

converter converter

- Speed (normalized)

Solution: No intermittent energy storage in the variable
speed drive
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Coordinated Front-end converter control

Dc link
voltage
controller

Ref. Dc link
voltage

Ref. d-axis
>

current Front-end

converter

Actual
' Current
dc link voltage o & rotor Vac .
active power Vgrid contro
Ref. -
Reacti Reactive .
e Ref. g-axis ,
Power power rert Grid voltage
demand controller angle
Stator & rotor
reactive power
Grid |
Ac grid voltage Stator & Bra_kmg
voltage angle & rotor C;f;";t:r: .
frequency active power
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Contributions

AC Grid

Load

e Drive design e Grid interaction
e Switch realization e Drive topology comparison
e Seamless control e DFM design considerations
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