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Small Power Inverters
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Small power inverters

o Take dc power supplied by a battery, such
as a 12 V car battery

o Transform it to a 120 V ac power source t 60
Hz

o Emulate the power available at an ordinary
household electrical outlet

Applications of small power
inverters
o Camping vehicles, boats

o Power appliances in a car: cell phones,
radios and televisions

Pure sine wave inverter
o More expensive due to added circuitry

o Can provide power to all ac electronic
devices

o Reduce audible and electric noise



Uninterruptible Power Supply (UPS)

= An electrical apparatus that provides emergency power to a load

when the input power source or mains power fails

o Instantaneous protection from input power interruptions

o The on-battery runtime of most UPS is relatively short: a few minutes

o Used to protect computers, data centers, telecommunication equipment, etc

(e

1)

Charger

Battery

—/l—

Inverter

l—s

Jd
®

Normal AC Power

{]-"77(

Charger

Battery

{oad

!

Inverter

P ——

Over/Undervoltage; Loss of Power



Uninterruptible Power Supply (UPS)

= Example: the largest UPS

Fairbanks, Alaska

Powers the entire city and nearby rural
communities during outages

Built by ABB and commissioned in 2003

Battery is made up of almost 14,000 nickel-
cadmium batteries that can provide 26 MW

of power for 15 mins, or up to 40 MW for 7

mins.

Facility covers an area bigger than a soccer
field.



Motor Drive

= Electric motor speed control

o Control and feedback circuitry to adjust the final output of the inverter

o The inverter output determine the speed of the motor

= Applications
o Industrial motor driven equipment
o Electric vehicles
o Rail transport system
o Power tools

o Inverter compressors
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HVDC
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DELIVERING RENEWABLE ENERGY WITH HVDC
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PV Inverters

solar regulator

inverter - DC to AC

solar panel

% ; —_

battery - DC
storage

l

now you are ready
fo power your
AC appliances




PV Inverter Controller Example &
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Single Phase: Half Bridge Converter and Sine PWM

o Let’s first review the different types of dc/ac (ac/dc) converters and their
modulation strategies
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Single Phase: FulhB\Ol;ldge Converter and Sine PWM
J
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Three Phase Inverter

e A three phase inverter is a combination of three (\(\a\Q - \@“‘A«J\e/
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Outline

(iz““\ (\nxexwwﬂtﬁa)

abc to dq transformation — Clarke and Park Transformations
MQD AqD

13



Balanced Three Phase System

= Let’slook at a balanced three phase system:

o Three voltage sources with equal magnitude but with phase shift of 120°

o Equal loads on each phase (a, b, c)

o Equal impedance on the lines
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Integral Control

= As we have seen before, integrator (e.g. in PI or integral +

state feedback) can be used for tracking constant or step
N\

references Vo vy y ~

= However, in ac systems the signals are not constant
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Transformations _, ...

[ %
2 Dimension Rl' xep\lzb ‘X“ x,) _’(-bq R-————VR T}( ’ls '&&?\

=  One particular type of transformation that we will use later is known as

angle rotation ‘ \ cos(e)  snle)
Yo \-= l‘ \B = \-sin(e) cpa(@\\ v 5()%8\&1

A

€ V\ Q\oc,uwm, m’(‘t)ﬂm \ota (o)
< | . > A\l, T = Ueesfo\f \ ro’b\ec! Q\Ocuwtse\aa & (VaJ\mS)
* X\
l"\) ‘\ Q 2\ QD)(U \ \03 0" ( \(E\lvcw\o\g&
EE 2t R\

~N ‘s\n(%\ B
3 Dimensions P\B \= \% Ve K’NV\( %) Q%MX\. ] ) &’;\

= |n three dimensions, we can also define similar transformatlons
v,

well = - V@\ R————’P?\ 3 v- \](bR

> Vi
N Vo,
\ j - Qol(cue, QM‘“& *’3 E\C\WL Ce\oaumk)
h é\_{“ x o cor(®) sn(e) O
oy \ﬁ - (*&N(ﬁ\ ear(®) o
5y o o 2

tﬁ University at Buffalo 16



Clarke and Park Transformation

Edith Clarke

Born February 10, 1883
Howard County, Maryland
Died October 29, 1959 (aged 76)

Residence Massachusetts, United States
Nationality American
Fields Electrical Engineering

Institutions General Electric
University of Texas at Austin

Alma mater Vassar College
Massachusetts Institute of
Technology

Notable National Inventors Hall of Fame
awards

First female professor in Electrical

Engineering in the country

Aoc - &%0
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Robert H. Park (March 15, 1902 - February 18, 1994)
was an American electrical engineer and inventor,
best known for the Park's transformation, used to
simplify the analysis of three-phase electric
circuits. His related 1929 concept paper ranked
second, when looking at the impact of all twentieth
century power engineering papers.l’ ™ Park was an

IEEE Fellow and a member of the National Academy

of Engineering."’#

Park was born on March 15, 1902, in Strasbourg,
when his father urban sociologist Robert E. Park
was studying in Germany. Back in the United States
Park lived in Wollaston, Massachusetts and earned
in 1923 a degree in electrical engineering at the
Massachusetts Institute of Technology. After this
he went to the Royal Institute of Technology in
Stockholm, Sweden to improve his knowledge on
operational calculus,FIHE]

abe —dq O

Park’s 1929 paper is voted the second

most important paper in Power
Engineering (1900-1999)

Mifestone Achievement Papers
The final four papers are:

#® Charles L. Fortescue, “Method of
Symmetrical Coordinates Ap-
plied to the Solution of Polyphase
Networks,” Transactions of the
AIEE vol 37, pp 1027-1140 1018

# Robert Park, “Two Reaction

v Theory of Synchronous Ma-

chines,” Transactions of the AIEE,
vol. 48, pp. 716-730, 1929

® James Ward and Harry Hale,
“Diigital Computer Solution of
Power Flow Problems.” Transac-
tions of the AIEE, vol. 75, Pt. iil, pp.
398-404, January 1956

®* John R. Carson, “Wave Propaga-
tion in Overhead Wires with
Ground Return,” Bell Svsrem
Technical fournal, vol. 5, pp.
539-554, October 1926.
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Clarke Transformation

= (larke transformation (alpha-beta transformation)

o A transformation matrix to change three phase signals onto the aff axes
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Inverse Clarke Transformation

=  The inverse Clarke transformation can then be used to obtain the abc values

from the alpha/beta components
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Summary of Clarke Transformation

| 2o [ 20 \
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Park Transformation

= Park transformation (direct-quadrature transformation (dq))

o The dq transformation changes a three phase system into dc values / S;a S. (‘PI, \h)(eam)f&ﬂ)

o This can be done by first converting to alpha/beta/0 components, and then do an angle
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Park Transformation (2)

= Park transformation (direct-quadrature transformation (dq))

o The dq transformation changes a three phase system into dc values
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Inverse Park Transformation

= The inverse park transformation converts the dg0 components back to abc
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Summary of Park Transformation

=  Park transformation can be used to
transform a three phase system into dc

components! o
=  If the system is balanced, the V, g
component is always 0! KQ
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Clarke and Park Transformation for Balanced Systems

= If the three phase system is known to be balanced, we can ignore the 0 component

%&wm‘r va\lm\ n Ag( %mm,.

= This simplifies the equations significantly
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Space Vector PWM: Switching Signals to Vabc-o

*=  The alpha/beta transformation can be used to modulate a three phase inverter

=  Let’s analyze all of the switching signals for a three phase inverter!
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Space Vector PWM: Switching Signals to Alpha/Beta

=  We can then convert each possible switching combination (8) to alpha/beta component
A
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Space Vector PWM: Rotating Reference Signal

Rotating Reference: in the af3 plane formed by the Clark transformation of balanced
three phase voltages (currents).
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SVPWM: Reference Synthesis with Switching Vectors

=  How can we approximate a rotating reference signal?

[

3

B

V,=[010] Vi=[110]
EEEAG B
wt
Vref
Va=[011] [000] Vo=[100] _
E , o}%c [111] [7 | O}vdc a
V=001 Vs=[001]
ERETR I i

Tix o stoibing poicd Tuo and dee 3 bimes Al 45 5
SS T 2< *%’T o “m% is agg‘onwxvij conchant Am\,.ﬂ’i_g,o

Goa\ “ngm\r\‘xe \)w& an uumt&; (!nm\r\j ove s, 1.0-% \Sw,} "
’@M J[‘ JJ“\J“E ) We cun use ‘“ﬁt Lm %Simu”
l“O\T

tﬁ University at Buffalo

v
l\)m? \
Sin ()

din (.aI 9‘

%w«l(l(\ua @»xfl‘m{'wm, .

4 S S S o e a“&ﬁc\«w“ Pﬁn'otl
11 Tsw
[ O] s Y Jm 'LS
{1 1}/ ‘ﬁl‘:—.\_—’_v;-:"‘l‘
5 ' = [Mde y &
o N9
-
03[100]
-
Vot (5}41 / 2
T e {_ ’ O}dc o
3
{,;‘*z‘is-'-i_aw
oy g o

7 ?
Voot 4 Urde o g
4 Tsw v bV
\5) A ().5)
? \\)'ﬁ&;lf \)«:&-&U\Lt
[ =\ .‘lJ-E‘—
%: kpm lU,Et.)

30

"



SVPWM: Reference Synthesis with Switching Vectors

=  How can we approximate a rotating reference signal?
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SVPWM: Voltage Capability

A

How does SVPWM compare to Sine PWM?

p
{1 1} v2=[0101/ _ Vi=[1 1{10] 1} -%U?QM \eg 3 \m)t\u e b
RN N\ Vol Moo Tadon
// V\Cf)t \\
/ e /?s.ﬂn >.%
ref I—
V3=[011] :,’ [000] \‘Uﬁa \L Vo=[100] _ .S??)\]J:";—:\Bc
EEAIINTE Vg e sw st
\ /
V4=[001] \\\\\\\ ,////// Vs=[00 1]
Lk )
gi\r\e— Qmw\ ‘l S“ @U\) \\J\
‘ n
oo el e oy e wllegg & Vem 5 Ve )
)

mielo,i] —> wox Qca\c\lo“-‘

tﬁ University at Buffalo

A

32



SVPWM: Summary

Steps to implement SVPWM
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Review of dc/ac (ac/dc) converters

abc to dq transformation — Clarke and Park Transformations
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Motivation for Inverter Control

= The transformations we have learned can help us in controlling a three phase

inverter to the grid

= Motivations for grid connections:

O

O

O

Send power to the grid (renewable sources)

Receive power from the grid (loads batteries, etc.)
Improve grid power quality c“(Ue j?owel! % @f’j‘)% S

Help with reactive power (power factor) —\}
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Active Power in Alpha/Beta and DQ Coordinates

e The instantaneous power of a three phase system can be computed as follows:
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Complex Power: Active and Reactive Power

*\9 A \
e For ac systems, we can also define the complex/apparent power as follows: 4\&4«3
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Three Phase Inverter State Space Modeling

e Analyze a grid connected three phase inverter

e Simplify the model by adding voltage and

Vi ﬁ:
current sources
7
¢ = WUe f: awm\’c wmAe\ 08 %4—(«\%(&&(
L“_‘EB—“ &’: AK 't%“ ia L R +®Vpﬁ

S S IV o B

W v w o,
C\—J N \ u “];‘ A" @6\{ “M‘p O%‘» e\f\O\K A
@(\ i\h - L (\ \ng‘b")

%= LD\

3«{6 / tlis'b‘b‘\h( e

Ve

38



tﬁ University at Buffalo

AC Side State Space Equations (abc)

. . .V Z
e Derive the state space equations in abe

\)a—l: z \]O‘ﬂ

- + 4 L - R~ 1 -

_ \Jb_' £ (8 {_Wﬂ‘_
F\J\
O WO
\_})‘\l 4 (453 L —
O Y VVY &

' s [V g "L) (e

.%«M e me:m‘f Zﬂ\f%w e\wt ab,c. ;{

A[A _ '_Pw{o + ——\1 - t\)‘yﬂ

ot
R LALM% + \ag =0 W [t oo o)l |t
E_)_J "\Jl:)-t £ Ldlb » P,Uo+ \ij =0 ¥ ﬁL U“ =10 #% © u" + 10
C: tc, O o ?L ;w (&)
= = Q,—l 4 Lj_l_ff;-r Q»;(‘,* Uc,ro,—,@ 7 ¢ — _——
a Labe A

2 -
8‘ 0‘(«!&\( LZI\QQN lir'na \m&r\'en\ SC/SQ'\'QW\ v

ve Ao @Uﬂ e sydan o) 6‘5100‘00“5

ane AQCOU()\QA > & doesot o\Wsz L: <

°h\5ar\\m a%f;s \ S\OAG ll\ “a 3‘\]b T Uc,n ave 3\1!\080((!‘1}\

39



AC Side State Space Equations (Alpha/Beta)

e Derive the state space equations in « / 15 . O, NLYU\/Ii/» O,
Ttw ) ' i —1o
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Pt R

AC Side State Space Equations (dq) 4 s = 40 g0 10 49
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AC Side State Space Equations (dq) (0 el s — (=)

~ R
e Transform the equations from o/ to dq KE““_‘LKE 0\\9@ & N_LZD,—M;\ &
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Summary of the Dynamic Equations in DQ Frame

e The state space equations for a three phase inverter can be l ﬁ\] {\} E}

summarized as follows:

dl b —R 1 1
— Iac _Vac__v—ac
{ dt T fabe * 7 Vabe = T Vg—ab

R
e In dq reference frame, the equations become: o
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e The cross-coupling terms will become important in the con-
troller design!



Controller Design — DQ Decoupling

e In dq reference frame, the equations become: %} L R
Vdc<_> Y
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Controller Design — DQ Decoupling (cont’d)

e In dq reference frame, the equations become:
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Controller Design — Current Controller Design

e In dq reference frame, the equations become:
dl; R 1 1 *#3 LR
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= Tl gl plg where U= Vak Lol "G Jg jﬁﬂg
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Controller Design — Overall Controller Diagram

e In dq reference frame, the equations become:

dl R 1
@ LTI
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e We can regulate each current independently!
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Overview o

p

Acdvers i
e A fast current regulator is crucial for many applications L\'}-‘(i\l\}«, Mm‘\m z&ﬁkﬁ&(;ﬂé\@m )

e Once it has been designed, many slower outer controllers can be developed to suit
the application
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Energy Storage Application — Output Active/Reactive Power

A fast current regulator is crucial for many applications

e Once it has been designed, many slower outer controllers can be developed to suit
the application

e Let’s consider having a source with a well defined dc voltage
e Design a controller to track the output active/reactive power! T Ve s
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Active Rectification

e Let’s consider now an active rectifier

At the dc side, only active power is consumed
e The dc bus voltage can therefore be controlled by the d axis current

e The reactive power at the ac side can still be regulated
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PV/Renewable Energy Example

e For PV applications, the power electronics are generally composed of a dc/dc + dc/ac
converter

e The dc/ac converter controls the dc bus voltage, Vi

e The dc/dc converter controls the PV’s output current (MPPT) ey J‘\& A(:‘ms
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PV/Renewable Energy Example (cont’d)

e For PV applications, the power electronics are generally composed of a dc/dc + dc/ac
converter

e The dc/ac converter controls the dc bus voltage, Vi

e The dc/dc converter controls the PV’s output current (MPPT)
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High Voltage DC Transmission  ©-\1-TR VT e boges o

dued.
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e In High Voltage DC Transmission (HVDC), we typically need back-to-back converters!
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PMSM Motor Drives

e Suppose that we would like to control the speed of a Permanent Magnet
Synchronous Machine (PMSM)

e For speed tracking, torque control, etc. An inner current regulator is very
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Outline

= Review of dc/ac (ac/dc) converters

= abcto dq transformation — Clarke and Park Transformations

—
- Space vector PWM

=  Controller Design Overview

=  Applications
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