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Power Electronics Interfaces

* Most generation forms involve some sort of ~ * Power electronics is the heart of many grid-enhancing
electronic circuits. § technologies (GET)
* Synchronous generators: * FACTS (flexible AC transmission systems)
Alternator-supplied rectifier excitation systems, e.g., ] e HVDC
AC1C ’

Static excitation systems, e.g., ST1C. *
TRANSMISSION NETWORK

* Inverter-based resources (IBRs): solar and most wind,
EV chargers, BESS.

T

Grid-
Side
Conv.

Rotor-
Side
Conv.

i

* Power electronics discusses how one form of power is
converted to another; this could involve changes in
voltage magnitude, shape, frequency, and power
quality.

See |EEE Std 421.5-2016 Recommended Practice for Excitation System Models for Power System Stability Studies 2/34
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Excitation System for
Synchronous Generators

Solid State Transfer

Switch

End-Use Equipment

T J,G,

E

S. Filizadeh, et al, Power system
transients, J. Martinez, ed., Chapt. 9

Uninterruptible Power

Supply

TRANSMISSION NETWORK

| L S C— — — | — — —S— —r— — — - — — — — i —— | — v —_—— | S— — ——

O

Dynamic Voltage Restorer
Series Active Filter

TT"_J@}

Distribution-STATCOM
Shunt Active Filter

DISTRIBUTION NETWORK

induction generator

Doubly-fed

5

+
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Distributed Generation
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Power Electronics for HVDC Systems

AC Transmission DC Transmission AC Transmission

Power Electronics
AC Svystem 1

/ Converters \
/ AC System 2

ﬁ From AC to DC DC back 1o AC ﬁ
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EPRI HVDC-FACTS Conference in 2013




Converters Topics

Input Output * DC-DC converter basics
Source Converter Load * Transitioning to a DC-AC converter

— e Modulation methods
* DC-DC Conversion

e Change voltage magnitude
AC-DC Rectification
* Produce dc voltage from an ac source

DC-AC Inversion

* Produce a sinusoidal voltage with controllable
magnitude and frequency

AC-AC Conversion
* Change voltage magnitude and frequency

V3(010) Va(110)

4 V1(100)

* There are also two main technologies: e Vi WMV
« LCC \ J
 VSC \ /
* This module talks about switching power converters,
VSC, V=(001) B Ve(101)

6/34



Commutation in Converters

* Line commutated (naturally commutated) !

— The AC system dictates the process, e.g., thyristors turn off
when the current drops to zero and turn on when forward ’—®ULLNW\—
biased and gate signal is present.

| U,
— Always consumes reactive power Q. |_®M

— Earlier generation of HVDC and FACT, but still an active
technology due to higher ratings.

Ug-

* Forced commutated (self commutated) VIEY VIR VSR

— The gate circuitry determines both turn on and off processes-
--fully controllable switches

I+

Uy

— (Can consume or generate reactive power Q.

L B vl

Uy

— This course focuses on forced commutated converters.

- Id

https://en.wikipedia.org/wiki/File:6_pulse_bridge_with_inductance.png 1734



Classification of Converters
* Based on DC-Side Source Type

— Current-Sourced Converter (CSC)

dc power or

(b)

— Voltage-Sourced Converter (VSC)

e (spelling per Dennis Woodford of Electranix)

Figures are from Hingorani.

—_—
)
>
I or lVd
.‘_
dc side fg
o 7

yi7d

or

Active power

"

Active dc «—> V,

power

o

\|
/

Va

or

Reactive power

ac side

Active and reactive
—T—W ac power
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How to Build a Converter? Available Elements

* Considerations:

— Efficiency
e |deal switch: p(t)=0

— Size and weight
— Power quality

Y
— 000 —
. DT, T.
Linear- s s
mode Switched-mode
Resistors | Capacitors | Magnetics Semicondictor devices
_|_
(1)
V(1)

9/34



Our Approach to Studying DC-AC Conversion

* See asine wave as a sequence of * Learn DC-DC Conversion * Extend to DC-(variable dc(t)), i.e.,
DC values DC-AC conversion.

T — Vot
© * s L DCAC (i) Vicsa f
- |

* The next two modules will discuss
VSCs and MMCs in details.

SVde
4Vde
IVdc

2Vde|----

Vde

-Vde
-2Vde
-3Vde -

-4Vde

-5Vde

0 0.002 0.004 0006 0008 001 0012 0.014 0016 0018 0.02
Time (seconds)

+ SM| SM| SM] — Cﬁ'j[.;] = I
Vu | SM, SM, SM,
- [SMy SMy SMy

V(f(‘ /2_|_ iui‘ Rarm § §
-‘ L;u'm i R L

5 o 0
V W
+— W n
4 3 -
} de / 2_ | i d




DC-DC Converter Example

!
10A
__..._ +
V Dc-dc
£ converier ‘?Q s ‘EOV
100V - -

° Input: 100V
° Output:50V,10A,500 W
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Realization of a DC-DC Converter: Solution #1

* Resistive Voltage Divider

"""""""""""" y{ 10A
—— 4
. + 50V — .
Ig Pt’os-.s' = 500W R 5 |24
100V 5€2 50V
P, =1000W ‘sl P SO0V

* Shortcomings:
— Efficiency is awfully low (and variable)
— Output voltage can not be easily changed or regulated.
— Loading of output will change the voltage.

12/34



Realization of a DC-DC Converter: Solution #2

° Transistor in Active Region

__________________________________________________________________________ I
+ S0V — 10A
na o
4 linear amplifien Ve
£ i |and base driver iR 5 V
100V . 5Q Y S50V
Pfos.s ~ 500W B
P, = 1000W st D2 S00W

* Shortcomings:
— Efficiency is awfully low (and variable)

* Solved these shortcomings of the previous solution:
— Output voltage can not be easily changed or regulated - SOLVED

— Loading of output will change the voltage - SOLVED 13/34



Realization of a DC-DC Converter: Solution #3

[ ] I___"__'__'___'______'_____"__'__'___'__'___'_____"_____"__'__'___'__'___'_____"} I
* Power Electronics 1 10A
—o S ™ -
g C_) v, () | R 5 (1)
100 V : . S0V
oy
Ve
V,=DV,
0
~— DI, — >+ (1-D)T, =~ t
switch
position: 1 2 1

* Shortcoming
— Chopped voltage, need to look at the average value

* Solved these shortcomings of the previous solution:
— Efficiency is awfully low (and variable) - SOLVED
— Output voltage can not be easily changed or regulated - SOLVED

— Loading of output will change the voltage - SOLVED
14/34



Recap

* Let’s add a low-pass filter: an LC branch.
* While at it, let’s also add a diode. Why?

FTER—
¥ iL(t) +

(ir) A p— vo(t)

* This is now called a buck converter.

Vo (t) — d(t)vs

15/34



Time-Averaging of Voltages

* The underlying idea is simple.

* Back to the simple idea of dc converters (Buck converter):

— There are only two voltage levels: 0 and E.

— So we control the converter by applying the voltage E only for part of the sampling time.

Master’s Thesis Presentation, University of Manitoba, Winnipeg, MB; August 7, 2007.

1;";3\-'9 =

e On state
L
. YOut
+
E—— /1\\C R
- High: ON o A*E
Low: OFF yaravavanin'l
P e L Vramp — T«
Ver I/ / / / / VCOH DxE
T T V.4 TR/ N 40 T Y S
FEaleae
| Tea \ Time (S)T \ | PWM
PWM1 | | \ w | _
Tolty Tsaw Time (S)

Vave

Tow X E+

<« T

<“—r >
D XTS

(1—[3)sz

v
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Time-Averaging of Voltages

* The underlying idea is simple.
* Back to the simple idea of dc converters (Buck converter):

— There are only two voltage levels: 0 and E.
— So we control the converter by applying the voltage E only for part of the sampling time.

e On state
o Off state
L
e YOut
A V a
+
E
E—— D —|c R
- T Viave
= _— E - >
High: ON NN AT ot
Low: OFF AV e «T—>
L Vramp — T« (—><‘—>
DXT, |
' _ Vcon DxE T |
(1-D)XT;
PWM _— + Tope ¥ 0
ave - I—:‘; -

Master’s Thesis Presentation, University of Manitoba, Winnipeg, MB; August 7, 2007. 17/34



Time-Averaging of Voltages

* The underlying idea is simple (whew!)

* Back to the simple idea of dc converters (Buck converter):

— There are only two voltage levels: 0 and E.

— So we control the converter by applying the voltage E only for part of the sampling time.

o |m

DxE

e On state
e Off state
e Average . S. Vou
A
+
E— D ;i::C R
- High: ON YR
Low: OFF Yavavavai
Vramp — T<
+
VCOH
PWM

Master’s Thesis Presentation, University of Manitoba, Winnipeg, MB; August 7, 2007.

1;"'.3,‘\--'9 —

Vave

«T—>

<“—r<—>
DXTS

(1—[5) XT,

Tow X B+ Topp % 0
ON>‘< _I_ _}-}-X :DXE

T
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But this is (variable) DC. How do we get AC?

* Redraw

A4 WD .
% y + } L
] vae O

— We need +/- current and voltage

* Bidirectional Current

* Bidirectional Voltage

19/34



AC Waveform Generation

* To generate a sinusoidal output, change
duty cycle: D->d(t)

* Pulse-width modulation (PWM)

— Compare the reference (control) waveform
(sinusoidal) to a triangular waveform of much
higher frequency.

— Not the only method: Space vector modulation (a)
(SVM), Selective harmonic elimination (SHE), Vo 0o e ah
no | o
Square wave, PWM+3rd ilnlp==y(n 00T TNrCT
J". -‘-.H\ / “ '—"
r Y| 2
o] S o I -t

\\ J" Ed
'u.."l- ,i" - 2
— U 1 1 e e et - e L _‘L

_ﬁ,:iF_ t=0

Voontrol < vy
{TA': on, T+ OH} —-I ‘L-:‘ Ucontrol > vy
{T,H: on, Ty: off
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Half-Bridge Converter

* AC voltage, on average, iS Yae _I
— i(t)
Vo — d(t) Ve 4 dl(t)( Vdc) Y
2 2 V.
Vic / Vac E e 4 Gr“ Vac
Vo = T(d(t) —d'(t)) = (2d - )=~

* The relationship of the output voltage to the modulating signal m(t).

m(t) =2d(t) — 1
m(t) = mcos(wyt + 0,)
d(t) = % + %m cos(wot + 6)

Vo) = m(;)VS + harmonics

* |tis up to the switching strategy (e.g., PWM) to eliminate harmonics. Harmonics can also
be reduced using external circuits (e.g., filters or transformer connection).

21/34



VSC with PWM

* Harmonics

M
(Vo
Val2
A
1.2
1.0+
D‘E m,= E.E, H'l-f = 15
06
0.4+

0.2
0.0 ] P

(ms + 2) (2mys + 1) (3ms + 2)

L

Harmonics A of f; — =

22/34



Harmonics

Graphically, this can be represented using

1.00 | frequency spectrum diagram:

0.80 H
< 0.60F

0.40 H

0.20 f

||
| my 21"/— 3my dmy Sm_f 6y n
T - OR using a normalized Fourier coefficients table:

(&)

m~=1 09 08 07 06 0.5 04 03 02 0.1

1 1.00 09 080 070 060 050 040 030 020 0.10
m, 060 071 082 09 101 1.08 115 120 124 127
mf£2 032 027 022 017 013 009 006 003 002 0.00

n
n
n
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Looking Back: Why PWM?

SQUARE-WAVE

* Containsharmonics at relatively low frequency: 3, 5t, 7th, 9t etc,

* Inordertoimprovethe THD,, a low pass filter can be employed 2> filter
will be bulky since cutoff frequency is low =2 difficult to remove
harmonics since atthe same time must ensure fundamental componentis

not attenuated.

PWM

* Harmonics appeararound mgwhich is further away from fundamental.
* To improve THDV, filter with higher cutoff can be used = smallerin size

— easier to filter out harmonics.

Square wave

PWM
m‘r: 21

23

24/34



Adding More Legs (That is, Phases)

* Two Legs: Full Bridge
— No need to the DC midpoint

— Twice the voltage
— Less harmonics (at 2mg, 4my, etc)

5
Canb
EAS

o

Vb

v,

(= van = vaw

io(t) SHmH

400V i) 4 (d)
1 ‘IK} vo(t) Ci) V2 - 230 cos(314¢) {{,’ )
- d

el 2 ) y lfIIIT " L x Y EY Y ¥ L,
™

(@mg — 1) @mp + 1) (harmanics of f;)

—
3



Adding More Legs (That is, Phases)

* Three Legs: Voltage-Sourced Converter

) ,Fundlm.nw LTTRY

5

m,is chosen to be multiple of 3 so that
the harmonic at multiple of 3, including
m, (and its multiple) are suppressed (or
canceled out) in the line-line voltage

mﬂ
h 0.2 04 0.6 0.8 1.0

1 0122 0245 0367 049 0612
my+ 2 0.010 0037 0080 0135 0.195
mp x4 0.005  0.011

2m, + 1 0.116 0200 0227 0.192 0.111

2, + 5 0.008  0.020

3m, 2 0.027 008 0.124 0.108 0.038

Im, + 4 0.007 0.029 0.064 0.09

4m, = | 0.100 0.09 0005 0064 0.042

dm, = S 0.021 0051  0.073

am, = 7 0.010  0.030

Note: (V,,),/V, are tabulated as a function of m, where (V,,), are the rms
values of the harmonic voltages.



Modulation Methods: Carrier-Based PWM

b penee wavelng T T— T " rvrehi oo n
Reference waveform Carner wave form Reference waveform Carrier waveform

T
W gaf mun)

Chtput waveform

Charput wave form

— T "'/- — o — -/ 0

T e
["-.lr."—_.'

o RS

~-F 1 LI | L L |

-E 4 2 L L |

Fig. 3.1. Output voltage generated by two-level SPWM. Fig. 3.3. 60-degree modulation.

Reference waveform Carner waveform

Fig. 3.5. Third-harmonic injection PWM.
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Modulation: Selective Harmonic Elimination

LI _ _ o L4 I -
L Very high-power o
| Wk =
. . (Ve /3
applications (Vee/2)
=/ - =5 Pr ol . . . .
2 p2d o 2mowi
=L
I N I [} [} i N |
L 0o 1l T =T, O o
: by o ! ! i o ! 1 1 I ] ] i T :
doar ] s o 2o 20 NI
i we 2 dhod pmadd mmw whe febas 2ras ] 2nm
i I i
Fig. 3.7. Output voltage of a two-level, three—switching-angle SHE. T mres s
2Vy. .
- 'l.'I:E:I=—dt{|:1:11511|—EDSQ&+1}:!SEE3+~”:|5I11&J$
] T
v( w(t) = ;c{{l — 2ecosog + 2oosas — 2ecosag + - - - ) sinwt sin ot
sin Jwt + (cos 3oy — cos3an +cosdag + -+ ) 3
+({1—2cos3y + 2cosdas — 2eosdog +---) 3 o Bt
SIn Hw
gin St + (cos 5oy — cosbag + cosbag + - - ) +}
+ ({1 —2cosboy + 2cosbas — 2cosbag +---) 5 +} 3
. = . m 2V, =, sinnwt | kel
=T|.r.:{ Z sin nwt ll+EZ'{—1}lkC05ﬂﬂk]} =T{ z — |:z (—1)""" cos nog.
T lp=t3.. ™ =1 n=13, .. =1
I
VaVa _ V2V _
™ rme = & (1 —2cosoy + 2cosas — 2cosas) Ul rms = - (cosm — cosag + cosag)

™

0= (1 —2cosb5a; + 2cos5as — 2cos 5as) 0 = (cos 5oy — cos bag + cos Hag)

0 = (cos Ty — cos Toag + cos Tog)

0=1(1—2cosTo + 2cos Tas — 2cos Tag) 28/34



Modulation Methods: Space Vector Modulation

* There are 8 converter states depending on the status of switches. No two switches can

be on or off at the same time in each leg.

ACE

. K

s I

!

R

< (2

, —JK

N —J(

Vi

v _ % (vat) + o (£)e2/3 4 uﬂ{ijf—jﬂwfﬂ}
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Time-Averaging of Voltages ,

* The same states, now also on the hexagon:

— Zero

. one, two, three, four, five, six, seven

Vael2 == Ss"l S3"| S1 J
c b
ver g ] 5ol 5o
t4q
V3 VZ
\Z!
V5 V6

Master's Thesis Presentation, U of M, Winnipeg, MB; August 7, 2007.

Vi

[

<

cba
000

001

011

010

110

100

101

111

ot

hide SVs
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Construction of Output Voltages

* The reference vector, in sector 1, can be projected onto V, and V,,.

— If the converter is placed in V, state for T, and
in V, for T,, the average voltage over the
sampling period T, can be found from

ZQXT0+A1XT1+A2XT2—|-Z7XT7

Sector 3

2 ) o ; ; !
V=3 (walt) + ()P u(t)e ™)y

T

3
T, = g x Tymsin(w/3 — 0)
Ty = ? x Tymsin(0)

To+T;=T. =T, =T, =T

— Zero vectors do not change the average value,
* The rest of T is filled with them.

— Both V, and V; generate zero line voltages,

e So both can be used interchangeably and in any order.

Master's Thesis Presentation, U of M, Winnipeg, MB; August 7, 2007.

V. (110)

Sector 2

V5 (010)

Im

V> (011)

Sector 4

Sector 1

Vv, (001)

Re

Sector 6

Vs (100) Vs (101)
Sector 5
T,
T, T T T
Vo Vi A\ \i
ON
a OFF [ i o i
ON
b OFF — —
OFF ON
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1
146

0.48

1
146

0465

l'ime (5)

0.47

1
0.475

.48

Fig. 5.3. Line voltage and currents of the two-level space-vector modulator.

Pole Volrage (V)

Phase \‘(_J;?il\!_-'l,' )

H Ii;}::
i
.45 0.455 0.46 0465 0.47 0.475 0.48
250 ! ! ! TTT
0 i (b)
-250 I ] ] T
0145 (L4555 0.40 (1465 047 0L.475 0L48
333 ]
0
-333
145 (1455 (146 (1465 .47 1.475 (.48

Time ()

Fig. 5.4. Generated (a) line voltage, (b) pole voltage, and (c) phase voltage, Fs, = 48

and m = 0.8.

v

Line Currents (A)

Normalized Magnitude

09

05

04

0.3

0.2

0.1

0.03

- 1 - L 1 .. m B
10 20 30
Harmonic Order

(.455 0.46 0,465
Time (s)

Fig. 5.6. Line currents, F,, = 48 and m = 0.8.
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Bigger Picture

* Buck-boost--ness is in the eye of the beholder.

— Converters may be built to be “reversible.” (bidirectional flow of power)

* Aninverter (DC-AC) is essentially a DC-DC converter with a slowly varying duty cycle.

— Variations of d(t) should be much slower than the switching frequency.

33/34
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Waveform Generation

SVM can put the inverter in one of the 8 states, each giving a certain voltage space
vector.

The reference voltage (va, vb, vc) can also be expressed as an SV based on

v %fﬂa[i] Fooy(t)ef™ R 4 v (t)emi2)

The idea is now simple. For each sampled value of the reference voltage, we try to find
out how we can reconstruct it based on the 8 (7) SVs. This is a simple decomposition
problem.
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Degrees of Freedom

* Individual shares Of 20, 27 Sy R N S S RN
’ ( a) Z 0 (TZ / 2) A l e Az: Titititatonu Z7 (Tz / 2)

* Placement of SVs within the sampling

period () Zn/ A g

* These can be decided based on the © Zo (1) [ACS DRI
different harmonic performance
requirements, number of switchings @ B S s I
allowed, and losses.

o _z m ERETA i
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Time-Averaging of Voltages ,

* Applying the same idea for ac converters (three-phase):

— Likewise, the number of combinations of switching states of the VSC is limited.

— In a two-level VSC, there are three “independent” switches, hence 23 = 8 states.

e zero
,one, two, three, four, five, six, seven

V a
E,

Vae/2 == SSJ Z% saJ Z% le

C b a

Va2 g ] Z% 5ol Z% 1ol Z%

cba
000

001

011

010

110

100

101

111

Master's Thesis Presentation, U of M, Winnipeg, MB; August 7, 2007.
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Time-Averaging of Voltages

* Now, we define a reference vector, through one-to-one transformation of the individual
phase voltages

V = 3 (0a(t) + v ()72 v (t) e 727/P)
— This reference vector uniquely determines the desired three-phase waveforms.

— Therefore, we don’t need the three-phase reference waveforms we started with.

* This leaves us with a graphical representation of the system

— A hexagon, with the 6 states of the system (active) as its vertices, and two zero states in the origin.

Master’s Thesis Presentation, U of M, Winnipeg, MB; A st 7, 2007.
i i innipeg ugu 38/34



EICHT SPACE-VECTORS AND THEIR CORRESPONDING PHASE- AND LINE-VOLTAGES

Pole Voltage,

multiply by Phase Voltage
State c. b, a vV Vac/2

Fu.z sz F:.z FE-'I"I: Fﬁn Fm
0 000 0 -1 -1 -1 0 0 0
1 001 2V /36" 1 -1 -1  2Va/3 —Va/3 —Vg/3
2 011 2V, /34 1 1 -1 Vae/3 Vae/3 —2Vy./3
3 010 2V /3773 1 1 -1 —Vg /3  2Va/3  —Vi/3
4 110 2V /3el™ -1 1 1 —2Va/3  Va/3 Va3
5 100 2V /3772 1 1 1 WV /3 Vg /3 2V,/3
¥ 101 2V /372 1 -1 1 Vae/3 —2Vy./3 Vic /3
7 111 0 1 1 1 0 0 0
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Algorithm for SVM

Algorithm 4.1 Summary of implementation of two-level SVM

1. Decide on the SVM sequence to be used.
2. Repeat, for each sample of the reference vector V.

2.1
2.2.
2.3
2.4.

2.5.

Find the sector in which V . lies, and A; and As,, based on 6.

Project the reference vector to the first sector.

Find time shares T;, 15, and T, based on m and #.

If T, = 0, share T, between T; for Zy and 1% of Z-, based
on the sequence;

otherwise, set T, = 0 and adjust 77 and 75 based on the
overmodulation strategy.

Place the VSC in states Ay, As, Zp, and Z- in the order
determined by the chosen sequence.
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Overmodulation
* Maximum mis 1.15. Already 15% more than PWM.

*Iin
Vv, Vs

Y
lim

Fig. 4.5. Maximum length of the reference vector for m = 1.15. 41/34



1Tl ""*im

By Re Re

A (b)
Fig. 4.8. Two-zone overmodulation approach, (a) zone I, and (b) zone I1.
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Fig. 4.7. Comparison of the degree of overmodulation in PWM methods.
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Master’s Thesis Pre

State

c, b, a

Pole Voltage.
multiply by

Phase Voltage
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Time-Averaging of Voltages

* Using the aforementioned transformation,

— The reference vector can be shown in the dg-plane; and

— The reference vector is rotated in the plane with the desired output frequency;
e (and virtually sampled with the sampling frequency).

— Now, we can go back to the idea of time-averaging.
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Time-Averaging of Voltages g/,

* As the legs cannot be continuously switched on and off,
— This reference vector is sampled;

|II

— The “sampled” reference vector is only changed at each T, (a new “virtual” sample is taken);

— This is an approximation to the actual vector
e and gets better as the sampling interval T, gets smaller, at the expense of losses.

* Soineach T, we need to construct the reference vector,
— There are only 6 active states for the converter (just like voltages 0 and E in the Buck converter example);
— The reference vector is synthesized by the adjacent space vectors.
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INVERTERS

Harmonics in PWM single-phase inverter : Unipolarswitching scheme

* The frequency of the output voltageis doubled.
* If m¢is chosen as even integer then the first cluster of harmonics
appeararound 2m, (the harmonic at 2myitself is zero)

Graphically, this can be represented using
frequency spectrum diagram :

1.00
®)
0.80
Vae
Vg O-J I__t LI IJ I___] H ” rl_ n 0.60 H
Ve i | 1
wod Ll L T U T 1L 0
o © 0.20 -
N I S [ -
Vae 0 PR |||/ Y | 11| 1 | Y | Y111
Vas 0 1 2my 4my 6m; »n
~Vae . . . . e
’ @ Or using a normalized Fourier coefficients table:
m=1 09 08 07 06 05 04 03 02 0.1
n=1 100 09 080 070 0.60 050 040 030 020 0.10
n=2m*1 018 025 031 035 037 036 033 027 019 0.10
n=2m*3 021 018 0.14 010 007 004 002 001 000 0.00
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VSC — Need for Diodes

Vdc —

o o
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