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6. More Complex Converters

CPQES Outline
1. Introduction
2. Switching Modeling and PWM
3. Average Modeling
4. Small-Signal Modeling
5. Closed-Loop Control Design

DB-2

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
Tutorial at PECon 2008, Johor Bahru, Malaysia, 30 November 2008




. First Three-Phase Converters
A A & 2 X 2
A A & 2 X 2
Diode Rectifier SCR Rectifier
o Three-Phase Diode Rectifier
b .
CPES with Current Load
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o Three-Phase Diode Rectifier
CPES with Capacitive Load

Per phase load current
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<~ Three-Phase Pulse Width Modulated (PWM)
CPES Converters

{ i T
RIS I e

Boost Rectifier Buck Inverter
Voltage Source Inverter (VSI)

< - ‘e

Buck Rectifier Boost Inverter
Current Source Inverter (CSI)
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o Three-Phase Applications

e AC Motor Drives

— . % % i |Three-phase

o NP —— Rectifier { { Filter PWM
Filter : : P H

o ; N I H Inverter

¢ /S| with uncontrolled rectifier or CSI with SCR rectifier

¢ First and still the most common application

e Regulated output ac voltage or current (amplitude and frequency)
e Usually only unidirectional power flow

e Power Factor Correction

Inout Three-phase DC DC Loads
S PWM ! Filter or other
Filter o : i Bus
Rectifier H Converters

¢ Adjustable input displacement factor
¢ Regulated dc bus voltage

£ . .
~ Three-Phase Applications
CPES pp
¢ Uninterruptible Power Supply (UPS) — Parallel
Three-phase
AC Load
® High efficiency
® Power interruption Three-phase Energy
® No power quality PWM Storage
improvement to source or grid Converter (Battery)
¢ Uninterruptible Power Supply — Series
Three-phase Three-phase
Three-phase
i — PWM PWM
o AC Load
o ~1| Rectifier [ Inverter
Ener ® Lower efficiency
Storag)é ® No power interruption
9 ® Improvement source power quality
(Battery) L
® Input power quality improvement
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CPES

Three-Phase Applications

o Active Filters

® Power factor control

Three-phase
Nonlinear

® Reduced current distortion

or Reactive

® Improved damping
® Utility applications

Load

(e.g. STATCOM)

Three-phase

PWM
Converter

e AC-AC Power Conversion

o— |

o— |

o— |

Input
Filter

[ [Three-phase| |

PWM

Rectifier

Three-phase
PWM
Inverter

|| output ||

Filter

Three-phase
AC Load

¢ Adjustable displacement factor at input and output
¢ Bidirectional power flow
e Utility applications (e.g. UPFC)

e Cascade connection of Boost rectifier and VSI or Buck rectifier and CSI

o~

b

CPES

Generalized Structure of A Power Converter

?

 Switching network is discontinuous and nonlinear

source Input —l Switching ) Output Load
C Filter network Filter
/
Controller
Feedforward Feedback
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CRES Motivation

e Three-phase PWM converters below 100 kW operate with relatively
high switching frequency (20 kHz - 100 kHz)

e Elimination of audible noise

e Reduction of the size of reactive components

e Significant improvement in waveform quality and closed-loop
perfomance

<

1. MODELING

2. CONTROL DESIGN

Only systems with switching frequency much higher
than the line frequency will be studied!
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CPES Modeling
Current
Feedback
Output
Feedback

T

Output
Control

e Small-signal modeling of
e Three-phase PWM converters
e Three-phase modulator
e Current controllers
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CPES Control Design
Three-phase
PWM
Converter
Current Modul
Feedback odulator
Output
Feedback
e Control design of
e Current control
e Quter control loops
o Steps in Modeling of Three-Phase
CPES PWM Converters

1. Switching model
— Time-discontinuous
— Time-varying
— Non-linear

D
2. Average model in stationary coordinates

— Time-continuous
— Time-varying
— Non-linear

b
3. Average model in rotating (synchronous) coordinates
— Time-continuous
— Time-invariant
— Non-linear

D 4
4. Small-signal model
— Time-continuous
— Time-invariant
— Linear
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CRES Focus

» Power converter modeling for control design!
* Only converters utilizing high-frequency synthesis:

spectrim 4 _ modulation . switching switching
X frequency and its frequency and Karmenies
{?‘{ V(i) harmonics sidebands

[ — PR S -
O << O
A A TL‘ ata
,, W, ®

* Minor emphasis on modulation

» Only classical, small-signal control approach

* No power stage design and optimization

* No power device discussion

* No topology evaluation, only control implications
* No application considerations
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o . PECon
CPES Outline 2008

1. Introduction

» Vector representation of three-phase variables
Switching Modeling and PWM

Average Modeling

Small-Signal Modeling

a bk~ 0N

Closed-Loop Control Design

6. More Complex Converters

DB-16

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
Tutorial at PECon 2008, Johor Bahru, Malaysia, 30 November 2008



. Three-Phase Circuits - Source
Y-connection A-connection
(f\J;
3-phase 4-wire
. Three-Phase Circuits - Load

Y-connection A-connection

3-phase 4-wire
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L Three-Phase Variables

A-connection

I, +1,+1,=0

Vy +Vp +V, =0

V,, +V,, +V,, #0

I, +1,+1,=0

Vy +Vp +V, =0

Iy +1, +1, #0
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. Sinusoidal, Balanced, Symmetrical
Va Vi Ve
100
0 V, H\, +VC\
'100 T T T
0 180 360 540 720
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Non-sinusoidal, Balanced, Symmetrical

A
LU

V,

H

-100
20
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CPES Non-sinusoidal, Unbalanced, Symmetrical

Va Vb Vc

100

0 v, +y, +vc\

-100 x x x
0 180 360 540 720
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cggs Non-sinusoidal, Balanced, Asymmetrical
Vy Ve Vp
100
0 Va+Vb+VC\
-100 T T T
0 180 360 540 720
cggs Non-sinusoidal, Unbalanced, Asymmetrical
100
V, Y,V
\
Ve A A A
o /\ /\\/X\\ FAN/N\ [/
Y W/
b V
-100 T T T
0 180 360 540 720
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o S Vector Representations of
CPES Three-Phase Variables

Euclid vector representations

Vo (1) i, (t)
\7(t) =1V (t) I#(t) = ib (t)
v, (t) i (t)

Euclidean Space:

1 0 0
u,=|0| U,=1| 0G,=|0
0 0 1
a
o S Vector Multiplication and
CPES Norms in Euclidean Spaces
n
« Inner product: <V, W>=V W=W'V =) ViWi
i=1 W
» “Dot” product: <V, W >= V|- W] cos & 0

« “Cross” product: ||V x W |E= [V - [I]|- sin @

* Vector norm (length):
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S

. Change of Coordinates

« Multiplication of a vector with
any nonsingular matrix, T, of ZA
the same order:

\7xyz =T - Vgpe b

is equivalent to the representation
of the same vector in a different  C
coordinate system (Xyz), whose

unit vectors have the following
coordinates in the original

X

coordinate system (abc):
1 0

0

_ -1 -1 _ -1
Uxinape =T |0 Upinape =T ~-|1 Uzinapec =T |0

1

o If <UX,Uy> = <uy,uz> = <UZ , UX> =0, new coordinates are also orthogonal.

DB-27

T
CPES abc Space

—~  Example: Balanced Three-Phase Voltages in

Vv, = cost
2
vV, =cos(t— ?ﬂ)

v, = cos(t +2?7[) b

<l
|
<
o

ph —
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CPES

Change of Coordinates (abcto afy)

i, +1,+1,=0 Vy +Vp +V, =0

L 1 1] in abc-space.
C

afy -space is traditionally
defined by:

* «-axis is chosen as
projection of the a-axis
onto y ,

e y-axis is co-linear with
vector 1 1 1

e f-axis is defined by
right-hand rule.

This defines a 2-dimensional subspace y , perpendicular to the vector

DB-29

P Transformation Matrix Tz, /anc
The transformation matrix
“Taﬂy/abc “:1
; 1 1
2 2
2 V3 B
Taﬂ;f/abcz 5 0 7 _7
1011
2 7 7
\70:/3;/ Taﬂ;/ /abc Vabc
- - 1 0
Iaﬂy _Taﬁy/abc Labe Xabe =|1]| = Xapy = 0
1 V3
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. Transformation Matrix Tapc/qsy

— 1 .
1 0 —

V2

T s _TT _ E _1 E i
abc/afy — apylabc T Tapylabc T 3 2 2 \/E
181

L2 2 2]

vabc = Tabc/ afy \70!/7’7

I abc = Tabc/aﬂ}/ * I aﬂ}/
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¢  Example: Balanced Three-Phase Voltages in
CPES affy Space

Va -
Vabc = Vb 2|
Vc
£
Vaﬂ;/ = Taﬁy/abc 'Vabc
|

DB-32

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
Tutorial at PECon 2008, Johor Bahru, Malaysia, 30 November 2008




CRES Example: State-Space Equations
I,
i R
Va @ ? L I
b R .
VC — R IC
I
- di di | _ 1.
V=Ri+L— < —=L1Ri+L
dt dt

V and | are sinusoidal in steady-state! Find a coordinate transformation:
V,=T,-V, I, =T,-1, suchthat V, and I, are constant

in steady state, and TX is differentiable and invertible.

DB-33

CRES Example: State-Space Equations
i _ _
@Va R v, Vi, cos(a)t%?z
L V=|v, |=|V,cos(ot ——)
Vc Vb | L L v 3
_, R R v, cos(a)t+2?”)
i G R 0 0]
- R=/0 R 0
V=RI+L— | 0 0 R}
dt | = ib ~
— i L 0O
di T T L=lo L o0
—=-L"R-1+L"-V -
dt 0 0 L
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P

c;i:fz—g Example: State-Space Equations — Solution

t
i)=etR.700) + | eV RED 1 L §(r) . dr
0

Natural Response Forced Response
_ " R, _
cos(a)t—¢)—2-e L
() Bt V 21 R+v/3-0l "t
it)=|i,(0)|-e - +-. cos(a)t———¢)+—-e L
i. (0) z 22 R
c —7t
cos( t+——¢) R- \/_ Sl 1
3 2Z

where per-phase impedance, Z , at the source frequency, @, is defined as:

. L
Z=R+joL=2-¢ Z =vVR?*+ 0?1 ¢:arctan%
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i Example: State-Space Equations —
= .
CPES Steady State Solution
| cos(wt—¢) | | - Vn

" JRZ 40212

lim =1, cos(wt—%”—qs)

2w ol
cos(at + ——¢) ¢ =arctan—
L 3 i R
| di
lim {— =0
towo | dt
Want to find change of variables:
v, =T, -V where: V, and i _ are constant in steady state
=T -1 T, : differentiable and invertible
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Transformation Matrix Tgq/4p

A rotating vector in afy space can be a constant vector in a rotating space

q
Vi V, cosd sing ||V,
Vs 7 d =| .
Vq —sin@ cosd ||V,
v v
g s 9«
V t
a 0 = [o(x)dz +06(0)
0
Where o is the rotating speed
. Transformation Matrix Tgq0/4py

Preserve the same third axis, that is 0-axis is the same as y-axis

Vy cos¢ sind 0]v,

Vy |= —-singd cos@ O Vg

v, 0 0 1jv,
Therefore

cosd sin@d O

) || quO/aﬂy ”: 1
Tagrap, =| —SING cosé O

0 0 1 Taﬂy/dqo =Td::|](-)/aﬁ'y =Td-|(—10/a,8}/
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Transformation Matrix  Tqq0/ahc

—

quO = quO lafty ) Vaﬁy = quO Loy 'Taﬁy /abc VabC
Therefore

—

quO = quO/abc “Vane

where
1
cosfé sing O

0 0 1| 1

1 1

7 72 Z

” quo / abc ”: 1 Tabc/qu = Td:q%)/abc = Td1c-10/abc

quO/ abc — quo/aﬁ7 'Taﬂy /abc Park’s Transformation

1

WG

1
- 5 cosé cos(&—z—”) cos(¢9+2—”)
IZ s 3 3
:\F—sina cos¢ 0| O RER :\F—sine —sin(e—z—”) —sin(6+2—”)
3 2 3 3 3
1
V2

DB-39

CPES dg0 Space

—~  Example: Balanced Three-Phase Voltages in

V, =|v .
b b = : : :
ae "§Vph- .
\" 2 o
c = y
R : :
quO = quO/abc “Vape e
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o S Power Definition in
CPES Three-Phase Circuits

Ia
i=[v, vy, Vv ]|y [ = Vaig + Vpip + Vi,
iC

where V & i are corresponding voltages and currents in a
three-phase circuit.

It can be easily proved that:

Vol + Vol + Vg =V i, + Vi +V i = Vi +V i, + Vi

DB-41

o S Example:
CPES Power in Sinusoidal Steady State
Ia
L
V. \US L L
I, R R
iC
Vy Vam cos(at) iy I am cos(at — @)
V=|Vy |=|Vam cos(at —2;) i =iy [=]| lm cos(et —2;—¢)
v, i
¢ Vam cos(at + 2?”) ¢ I am cos(at + 2?7[ - @)
where: ¢ = arctan %
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5 Example:

CPES Power in Sinusoidal Steady State
la,
@Va R
L
A Vb L L
Io R R
ic
- - Od 3
P=[[V-i[=[[VI-]T]cosé¢ ZEVam | am COS ¢
— d - d - 3 "
Q=l[vxi[l=l[V]-]1i ||5|n¢=EVam|am sin ¢
CPES Phasor Representation

Phasors are defined ONLY for sinusoidal steady state!

Vg =Vgm Cos(at + @) =) V, =Vam4¢:vam~ej¢

ref

 Vector representation is NOT phasor representation!
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P

. Phasor Representation

Phasors are defined ONLY for sinusoidal steady state!

Phasors are very useful for the analysis of linear systems
without transients, which are excited by constant single

frequency (@) sinusoidal generators.

v, =V, cos(at +4) = Re]V, -e/ |= Re[V, cos(et + )+ jV, sin(wt + 4)]

Vm i¢ Ve
Va=$4¢zvrms'e y
I ;

v, =V, cos(at +¢) =/2- Re(Val ~ej"’t)

ref
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o . PECon
CPES Outline 2008

1. Introduction
2. Switching Modeling and PWM
e Switching model of VSI & boost rectifier
» Space vector modulation for VSI & boost rectifier
» Other modulations for VSI & boost rectifier
» Switching model and modulation for CSI & buck rectifier

3. Average Modeling
4. Small-Signal Modeling
5. Closed-Loop Control Design

6. More Complex Converters
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. Boost Rectifier / Voltage Source Inverter
+ Vdc >Vm
v where V. is the peak
‘ value of the line-to-line
input voltage
R
Vi
_ Vm DC VOLTAGE RANGE
. VoItage Source Inverter o p !
(VSI) 5 S 5 § Vol Vool IVeal
ap bp cp,
- G - g} Pl
V, Vc = +
Vie >V, dci) | Vy ~C %VBC Ve, Load
, PN T
MNENIE
san Sbn scn
Pooeoooooooene n______. DB-47
. Method of Modeling Switching Network

Current bi-directional two-quadrant switch

Y

1, v=0, if switch s is closed
S =

0, i =0, if switch s is open

Switching constraints:

* Voltage source or capacitor cannot be shorted
* Current source or inductor cannot be open
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o S DC-Voltage-Unidirectional
CPES Three-Phase Switching Network

* Three-Switch (Single-Pole-Double-Throw)

‘ p
Boost Rectifier isap‘ Swp | Sep | |
Voltage Source Inverter | |
N v, ;
& A
& Ve
Allowed switching combinations: Saﬁ Sbﬂ Scnw |
n

Sip +Sin =1, ie{ab,c}

 Define Voltage-Unidirectional
Single-Pole-Double-Throw

<
53
I
<
s
f+5)
o
O
< +
<
s
1l
o
-
Q0
I\
+

. V
d ; Vi de

lye = Sapla + pr'b

Switch and switching function ‘ ‘
i vV, §
s,=s, =1-s,; ie{ab,c} [O
A— R
DB-49
S Development of Switching Model
CPES (Boost rectifier / Voltage source inverter)
Find the relationships:
Vab = fab (Sab’vdc) Vbc = fbc (Sbcivdc) Vca = fca (Scaivdc)
idc = fi (Sij’ialib'ic)
idc idc
T | e,
Sap = 0\ \ pr =0 sap = O\ pr =1
—tv, + PV, + V. =V —V
vV, =0 la <> Vy = _Vdcla <> ab a” Vb
T Vp Vie | Vp Vee = (Sap - pr )Vdc
' i \ = Sabvdc
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S Development of Switching Model
CPES (Boost rectifier / Voltage source inverter)
}r 777777777777777777777777777777777 idc
AR |
ia \ Sap sbp scp
4@%—3—‘7Va +
1 c
Define phase-leg switching function 4@ ¢ \ Ve !
Si=s,=1-s,; iefab,c} } San \ Son \SCﬂ
Sa Sb Sc Sa-Sb Sb-Sc Sc-Sa idc Vab Vbe Vea
00O 0 0 0 0 0 0 0
0 O 1 0 '1 1 ic 0 -Vdc Vdc
o [1]o0o] 1 1 0 ib Vi | Ve 0
0[1]1 -1 0 1 ib+tic | Ve 0 Vic
1 0 0 1 0 '1 ia Vdc 0 -Vdc
101 1 -1 0 ia+ic Vde | -Vde 0
1 1 O O 1 '1 ia+ib 0 Vdc 'Vdc
1[1]1 0 0 0 [latiptic | O 0 0
DB-51
S Development of Switching Model
CPES (Boost rectifier / Voltage source inverter)
+
> Vde
Instantaneous voltage equation Instantaneous current equation
Vab Sa—Sh Sab ia
Vbe |=| Sb —Sc [Vdc =| She |Vdc ige = [Sa Sh Sc]' i
Vea Sc —Sa Sca ic
Note that: Sgp =S —Sp ... Vabh =Va—Vp
DB-52
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<> Relationship Between Line-to-Line Current

1=

CPES and Phase Current

la =lap —lca
I =Ihc —lap

Ie =lgg —lyc

> ia - ib = iab - ica - (ibc - iab) = 2iab - (ica + ibc) ? 3iab

Assume gy +ipc +ica =0

. 1. . o . 1. . . 1. .
> |ia :g(la —ip) Similarly |l :g(lb =) ica :g(lc —ia)

idc = Saia + Sbib + Scic =Sa (iab - ica) + Sb(ibc - iab) +Sc (ica - ibc)
i

ab
= iab (Sa - Sb) + ibc (Sb - Sc) + ica(sc _Sa) = [Sab She Sca]' ibc
ica DB-53
o S Boost Rectifier / Voltage Source Inverter
CPES Switching Model
f"""""""" P g
b3 Vi 10 Abl 1 . -1 = S Ve
ic\@/ ‘ Vb 0 Sc <> Vdc . T
Ye [0 e = Si-1 - -
,,,,,,,,,,,,,,,,, N
where:
Vab Va—V Sab Sa —Sp iab Iy — ib
Vi = Voo | =] Vb — Ve Si-t =| Spc |=| Sp —Sc oy =] e :g I —Ig
Vea Ve —Va Sca Sc - Sa ica ic =i

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
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)

CPES

Outline

PECon
2008

1. Introduction
2. Switching Modeling and PWM

» Switching model of VSI & boost rectifier

e Space vector modulation for VSI & boost rectifier
* Other modulations for VSI & boost rectifier

» Switching model and modulation for CSI & buck rectifier

Average Modeling

4. Small-Signal Modeling
. Closed-Loop Control Design

. More Complex Converters

DB-55

CPES

&

Switching States for
Boost Rectifier / Voltage Source Inverter

s, | sy | S. | Switching state Ige Vap | Voo | Vea
0 0 0 nnn 0 0 0 0
0 0 1 nnp ic 0 ’Vdc Vdc
0 1 0 npn iy Ve Ve 0
0 1 1 npp ip+ic Ve 0 Vi
1 0 0 pnn ia Vi 0 Ve
1 0 1 pnp ig*ic Vi Ve 0
1 1 0 ppn ig*ip 0 Ve Ve
1 1 1 ppPp gyt 0 0 0
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e

> At .
. Vector Space of Line-to-Line Variables
« Phase variables (a, b and c¢) produce
line-to-line variables (ab, bc and ca) in plane-y
« Line-to-line variables (ab, bc and ca) do not have
y-component in apy-coordinate system
c
B
ca bc
[111]7
b
K .
ab bc
~. .
ca
CRES Line-to-Line VoItage Space Vector
Vab 1 —1 —1
v, 2 2 2
v, :Taﬂ/abc ‘| Vb | where Taﬂ/abc = g ’ 0 \/§ \/g
Vea 2 2
* Space vector
Ve io bc B
= V2 +V2 N ™
p o B : VB V
O=tan"| = j 9 ’ ab
Ya | Vo @
&= If V,, is the amplitude of balanced, "
symmetrical, three-phase line-to-line
voltages, then p= \/g Vo ca
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. Switching State Vector [pnn]
v Vab 1 _1 _1 VdC § .Vdc
\7 = ¢ =T <V, = E . 2 2 0 — 2
pnn Vﬁ' af3labc bc 3 \/g \/5 1
pn Vea 0 — —— Vie Ve
pnn 2 2 2
1 p
\7pnn :Vlzp'eje ‘
p= \/E 'Vdc Vﬁ P Vl
0
0= tanl(vﬁj =30° v, b
ca
. Switching State Vector [ppn]

Vab
Vo= | =T
ppn — — laplabc ’ Vbe
ppn

DB-60
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CPES
v {V
Py,
VPPP
. Switching State Vectors
) B
p 0 c _
~ O Va[ppn]
Vilpnn] 30
Vz[ppn] 90 V;[npn] ‘ sector | » Vil pnn]
V;[npn] Jay. | 150 ab, o
V,,[npp] “laso | ( i}
V.[nnp] 90 V. [npp] Vs [pnp]
\ie[pnp] -30 V.[np]
Vo[ ppp] 0 B _
\70[nnn] 0 0 V, =[ppp] =[nnn] at center point
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CRES Reference Voltage Vector, Vref
(Ve V., -cos(wt)
Assume | Voo | =]V -cos(wt —120°) 5
[Vea s | Vin -COS(o0t +120°)
be V. ppn]
_ v, | . P
Vref = |:V =p- el v [npn] . =N\ Vp ’V-r.ef -
B ref 3 4 p /v V1[ pnn]
where p=_ /v +V? :\E'V
o B 2 'm V—ba ab, o
0= tanl[vﬁj = ot V,[npp] < i [pnp]
@& In general, ca \Z.,"['hwnp]
Vi (1) = \E-Vm (t)-e*® V, =[ppp]=[nnn] at center point
. Definition of High Frequency Synthesis

varef dt = Z@'\Z dt], Z‘Ti =T,

Ts T Ty+T, Ts
&= Forexample |V, dt=[Vidt+ [ V,dt+ [V,dt
0 0 T T+T,

\'

a

Vi Vaa

}

ref (@)

T

S
Total area of |:| = Area of \\\\‘

DB-64
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F Space Vector Modulation

<

<

Step 1 : Choose desired switching state vectors to synthesize V

ref

Step 2 : Calculate the duty ratios of chosen switching state vectors

Step 3 : Make the sequence of chosen switching state vectors

DB-65

& Switching State Vectors
B
G | VL ppn]
Vy[npn] ., P _»V,[pnn]
(3 /
m v, ab, a
Vi
V,[npp] < v Voo TV [pnp]
ca V;[nnp]
v, .
V, =[ppp]=[nnn]
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P

cﬁés Step 1: Choice of Switching State Vectors

* Minimize the number of switching >C 11
of switching state vectors

[> Choose minimum number
adjacent to V.,

* Minimize the harmonic distortion

V. location | Chosen vectors bc B Vi
. _ 2 ppn]
Sector | V, and V, "
Sector II V, and V, Vs[npnl < Vitpnn]
Sector 111 V, and V, ab, a
Sector IV V, and V; B ~
Sector V V, and V, V,[npp] > Vs [pnp]
Sector VI V; and V, c \75[nnp]
and V, V, =[ppp]=[nnn] at center point

DB-67

— Step 2 : Duty Ratio of Switching State Vectors
C‘F’ES at Sector |

T,+T,

From HF synthesis definition, IVrefdt—J'V dt + I V, dt + J'V dt

T,+T,

Assume V, is constantin Tg, V. T =V, T, +V, T,

ref

o RV R e A bl A ;

where ¢=0-30°

T p

—+=d, =—-——-sin(60°-¢)

T f\NH

T, 2 p

2 =d,=—-—"—-sin¢ .

PRRE A Ny
d,=1-d,-d, Vi

DB-68
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e Y

=

CPES

Duty Ratio of Switching State Vectors

&= Other sectors have the same results of duty ratio.

Ty 2 p .
N =dy=—=——-sin(60°—-¢)
T M
Tha 2 p .
2 —d a=F=" .S|n¢

T V3 Ml

do =1-dy —dy.,
where (|)=9—(N —1)~60°—30° \7N

N : sector number (1~ 6) dy -V
DB-69
CPES Modulation Index

dy :\\//—m~sin(60°—¢)

dc

_Vn g
dy.g TV, sing
dy =1-dy —dy.,

dy =M -sin(60° —¢)
dyy =M -sind
d0=l—dN —dya

& Define the modulation index M =

L 3
For all the switching state vectors, |[Vy|=+2Vy and p= \E-Vm

Vm

dc

DB-70
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«w Maximum Amplitude of V,

Assume d, =0, then dy+dy,,=1
bc
dy +dy,, =M -(sin(60°—¢) +sin )

=M -cos(30°—¢)

@& The trajectory of V,,, makes

, _ V,[npp] ™\
a circle whose radius is \E-vdc )

7 V.[n
&~ This trajectory of V  represents ca s[nP]

voltage that can be synthesized.

V;[npn] Vi[pnn]
Y, cos(30°—¢)
Vdc ab, o
=1
v - Ve V,[npp] Vs[pnp]
™ cos(30°-¢)
ca¥  Vslnnp]
& The trajectory of V,, makes V, =[pppl=[nnn] at center point
a hexagon.
-Q— - .
. Maximum Amplitude of V,
\Y
Assume M =1, then \/J= 1 b
dc -
Pex Nilpprl
SV, =V, s
3 V;[npn] </ Vi[pnn]
\7ref = \/;'Vdc 'eje 1

the largest 3-phase sinusoidal V, =[ppp]=[nnn] at center point
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CPESStep 3 : Sequence of Switching State Vectors
Asymmetrical 2-phase
{ sequence } [commutation} EFeed forward}
Symmetrical 3-phase
[ sequence } Lcommutation} E Feedback J
v v v VOV Vo V) V)
S, | S, |
sb! sb!
S | S |
Ts T
Ts T
N - [V df — Vi -7
Y = !v,efdt_iluvidt] =
o Sequence of SSVs — SVM 1
CPES (Three-Phase — Right Aligned: 3®@-RA)
* Use both zero switching state vectors
« Asymmetrical sequence
* Six commutations per switching cycle
VIV VI Vo Vo Vil v, Y,
S, |
Sb!
S |
| T2 T, T, Tol2 T2 0T T, T2
Ts Ts
< Example in sector | >
<:>| * 3®-LA has same characteristics

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
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e Sequence of SSVs — SVM 2

CPES (Three-Phase — Centered: 3®-C)

» Use both zero switching state vectors
« Symmetrical sequence ©==» Low THD

« Six commutations per switching cycle

Sa
Sp |
S |
To I T, Tp T, I To T Ty T, T, T, Ty To
4 2 2 2 2 2 4 422 2 2 2 4
TS TS

< Example in sector | >

Ol DB-75

3 Sequence of SSVs — SVM 3

CPES (Three-Phase — Double-Period: 3®-2T)

*» Use zero vectors alternatively in adjacent switching cycle
» Asymmetrical sequence in Ty, but symmetrical in 2.T

» Three commutations ==> 50 % switching loss reduction

* Introduction of harmonics around o1
s

V, V, V, [ppp} V, V, V, [nnn}

b

w »n wm

|
y
|
|

C

T, T, To T, T, To
Ts Ts

< Example in sector | >

O' DB-76
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=

o Sequence of SSVs — SVM 4
CPES (Two-Phase — Right Aligned: 2®-RA)

*» Use a zero vector in one switching cycle

* Asymmetrical sequence

Sector |, Ill, V : [ppp]
Sector I, IV, VI : [nnn]

» Four commutations ==> Reduced switching losses

’ \A V, Vo[ppp> \ V, Vo[ppp}
S, |
Sp |
S |
LT T, T LT
TS TS
< Example in sector | >
<:>| * 2d-LA has same characteristics
o Sequence of SSVs — SVM 5
CPES (Two-Phase — Centered: 20-C)

* Use a zero vector in one switching cycle

« Symmetrical sequence ©==> Low THD

Sector I, Ill, V : [ppp]
Sector I, IV, VI : [nnn]

VOV e V)l v, (V) [pen]

Vo)

« Four commutations ==> Reduced switching losses

VL)

L, L L, T
T 2 2 2 72

>—\_|
N ‘,\,-'

l\)‘,\)_'

o

Ts

< Example in sector | >

O
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o S Sequence of SSVs — SVM 6
CPES (Minimum-Loss SVM)

with the highest instantaneous current

(Two-Phase — Right Aligned — minimum Loss: 20-RA-mL)

» Choose a zero switching state vector to avoid switching the phase

Choice of zero vector in sector | (pnn, ppn, and ppp or nnn)

No

V, =[nnn]

Y
W = V, = [ppp]

» Reduce the switching losses up to 50% compared to 3@ modulations,
assuming that switching losses are proportional to the current

» Possible sequences: 20-RA-mL, 2D-LA-mL, or 20-C-mL
DB-79
& Example of 2d- x -mL SVM in Sector |
CPES for balanced, symmetrical, sinusoidal, steady-state case
W<— Sector | —_— W<— Sector | —_—
Line
Yy Voltages Vb
g (pnn, ppn) J g (pnn, ppn)
Vca L L Vca L L
Va Va
Vo Va
_>< Phase _><
; Voltages V& Q
— — B
: e 5 i 5
_a \- c /
le = Phase I><\
D><_ Currents _a __’><i
. ppp | nnn "o | ppp
. 6] <30° . |o]>30°
* Switching loss reduction = 50% * Switching loss reduction < 50%

DB-80
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2 Comparison:

CPES Total Harmonic Distortion (THD)

0

2V

With the Fourier series V = ivn .glnet THD =2

n=1

1

Calculated and switching-model simulation results for fg >100- f};.

0.22

3027
18130 or 2D%
_RAOrLA

Modulation index, M

THD of line-to-line voltage

ozl . Predicted

018k .0t Simuated

Modulation index, M

THD of phase current
with L + V5 load/source

DB-81
o S Comparison:
CPES Peak-to-Peak Current Ripple
For RA or LA modulations: ! ‘ .
. 3t 20 or 3
I =_2 Ve .(1_|\/|).|\/| T N Rq/ig:l_q,&} _
pp 3.L S o8y or : 1
207 2 32T i N
%'ED'E : : .
For centered modulations: §05)
Vv s04f 20 or 30-C
lpy==%-(1-M)-M-T,  2u) o or o
3-L -
DZ [ B N N N N ;«4‘ SP'rEdlwcttEdd 1
where TP e TS’ except LA e
Tp = 2T, for 3d-2T. ’ 1
Modulation index, M
Relative peak-to-peak current ripple
M : modulation index
L : load inductance
DB-82
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CPES

©

Comparison: Switching Losses

1

3d-x
* Number of commutations %3}
per switching cycle: k] Max Loss
w07} 20-x
3D-x 16 %na min Los:
3q)'ZT 13 %‘2 o5 /
. Z 369T
2d-x 14 204l
=
Z03
0z
0.1
0 L L L L 1
-80  -60  -40 60 a0

-20 0 20
Load power factor angle

@ 2®d- x -mL avoids switching the phase with highest current
between -30° and 30°.

DB-83

)

~ . PECon
CPES Outline 2008

1. Introduction
2. Switching Modeling and PWM
» Switching model of VSI & boost rectifier

» Space vector modulation for VSI & boost rectifier

* Other modulations for VSI & boost rectifier

» Switching model and modulation for CSI & buck rectifier
3. Average Modeling
4. Small-Signal Modeling
5. Closed-Loop Control Design

6. More Complex Converters

DB-84
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. Modulation Methods
Sinusoidal PWM
Eeedforward Third-harmonic injection PWM
scheme Space vector modulations
(SVML1, 2, 3, 4 and 5)
Pulse Width :
Modulation o
Hysteresis current control
Feedback .
scheme Space vector modulations
(SVM 6)
Pulse Amplitude
Modulation
DB-85
o S Sinusoidal Pulse Width Modulation
CPES (SPWM)
Sap +:: \@
I
I va 07
Tl v
ﬂ San T %

« Determine the switching state by magnitude of v and v,,,

If v > v, |, then s,, on,
If v < |v,l, then s,, on

* Switching frequency is the same as carrier wave frequency, f,

DB-86
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&

CPES

Waveforms of Single-Phase SPWM
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o

CgES Modulation Example of SPWM in Sector |

ref ref ref Vear
Assume V., ,V, and V., are v
constant in a switching cycle. v
&= Symmetrical (Center-based) v,
Three-phase commutation
JrC N
SVM 2 Sb!
g
_ Ts (gt n n
& TON - 4.V (Va Vcar) n R g g B ﬁ n
car n.n n p n nn
TO*PZT*S"’ Ts '(Vcref _Vcar) @@ V VO: V2 @@
2 2 4V,
T o o Toe o,
:W'(Vc +Vcalr) TS
car
DB-89
< _ Modulation Example of SVM2 in Sector |
CPES P

S5TT
TTOT
S5TO
5 35T
5355

Ton Top Ton
%zdlzﬁ.vi.sin(60°—¢) s
5 M| T T
0P _T 0
-Lz:dz — V2.V sing 2 4
Ts Ve _Ts Vo Ts cos(30° - ¢)
dy =1-d, —d, 4 Ve 4

DB-90
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~~

By definition: v :\E-Vm -e¥

The maximum AC voltage: V,, = V3 Ve

The maximum AC voltage of SVM: V, =V

&= Vinlsuy = Ve 1.155 [> SVM produces 15.5% higher
Vi soum [\@'VWJ maximum output than SPWM !
2

b Zero Vector Timings in Sector |
CPES 9
*In SPWM, assume Vet =V 0.15
_ Ts ref ref 0128
Ton __4.\/7@'(\/‘" -V™) . ol Tt Tzop
T N — A -
Toi _ Ts (y'ef ref s 0.05 0.067
2 4y (v +V7) Ton %
where Vv, =V"™ -cos¢ 10 20 30 40 50 60
v =V -cos(¢+120°) gin sector | (°)
« In SVM2, assume V,, =V, 045
2 N4 Ts T --+--0.067
T T 0.05 ON""2
= TS —75 -€0s(30° - ¢) Ton
0 10 20 30 40 50 60
ginsector 1 (°)
DB-91
:_‘_*1; - | f
< Maximum AC Voltage of SPWM
CPES g
The v™ trajectory in SPWM: V"™ =i.vdc el B Vo =[ppp]
242 be ~ [nnn]

at center

DB-92
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Over Modulation of SPWM

. . Ve
o Vref <V 1 Linear modulation 2
o Vet > V- Over modulation
Square
Over wave
&= Over modulation region is modulation = switching
non linear with more harmonics
Vref
max (\/dc) 1 324 Vcar
® lsown _ \2) _m_gg8
max 4 Vdc 4
@ Square — A
n 2
DB-93
~ hird . . .
= Third-Harmonic Injection PWM
CPES J
v v
V(;e)fA e~ A
0
_V(EL
f f H f H
v =V -sinot+Vg -sin 3ot
ref _ y/ref ref
V —V(l) +V(3)
DB-94
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o S Maximum AC Voltage of
CPES Third-Harmonic Injection PWM

In general, v =V -(sin9+%-sin 39)
Assume V™ =1,

ef 1 The maximum AC voltage
then Ve = ([3) =11 E> is 15.5 % more than SPWM

DB-95

<> Average Values of Phase-to Neutral Voltage

= .
CPES for SVM 2 (3®-C) in Sector |
v—a:—$+dl+d2+%
L v, 2 2
v, =sin(60°—¢)+sin ¢
‘11*_ ) =sin(60°+ ¢)
Vb _
-11* Y =—$—d1+d2+d—°
' vV, 2 2
‘a =—sin(60°—¢)+sin ¢
LT, Th T =+/3-sin(¢—30°)
4 22 2 2 24
T J—
: b oy g%
V, 2 2
=—sin(60°+¢)
=

a
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¢ Average Values of Phase-to Neutral Voltage

C‘F’ES Voltage for SVM 6 (2@-C-mL) in Sector |

CPES for SVM 2 (3@-C)
* In sector I, * In sector I,
Vo Yo, g g+ Vol % gy g%
V, 2 2 vV, 2 2
=sin(60°—¢)—sin ¢ =—sin(60°—¢)—sin ¢
=/3-sin(30° - ¢) = —sin(60° + ¢)
=+/3-sin(90°-0) =—sin(¢—60°)
’ Sector | HSectorII HSector IIIHSector IVHSectorVHSector VI‘
_ 3
2
Va
0 60 120 180 240 300 360
0(°)
o Average Values of Phase-to Neutral

* If i, is the largest current,

1
Va v, =1
-1
14 v, =—d,+d, +d,
Vi . =1-2-d,
14 =1-2-sin(60°—¢)
Ve, v, =—d, —d, +d,
T I, LT =1-2-(d, +d,)
2.2 2.2 =1-2-sin(60°+ ¢)

« If i, is the largest current,
v,=—d,+d; +d,
=2-sin(60°+¢)-1
=2-sin(60°+6)-1

DB-98

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
Tutorial at PECon 2008, Johor Bahru, Malaysia, 30 November 2008

49



¢ Average Values of Phase-to Neutral Voltage
CPES for SVM 6 (20-C-mL)
0(°)
0 60 120 180 240 300 360
1
M=1 v, ©
-1
’ Sector | H Sector 11 HSector IIIHSector IVHSectorVHSector VI‘
«— 0.6
. = — — 0.2
M=08 vy M
*~-0.6
0 60 120 180 240 300 360
0(°)
CRES Hysteresis Current Control

L+

2
[ ) Load
Vd

L+

it it ~P i, then's,, on,
2

If iref B

+=<i, then s, on
2

« Switching frequency is varying
in one switching cycle.
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& Pros and Cons of
hd .
CPES Hysteresis Current Control
in time domain
T 1 1T
1T AN > Pros:
§= \ » Simple to implement
3 f‘ « Excellent dynamic performance
\ﬁ/ » Cons:
- « Strong harmonics lower than the switching
15' f 6:10°5 Hzi2 frequency (Subharmonics)
hi | by }s_ 13 kHz * No intercommunication between
) 43- ?i l the individual hysteresis controllers
wf; 4 / h mp Increase the switching frequency
a at lower modulation index
2 2 | « A tendency at lower speed to lock into
1 1 limit cycle of high-frequency switching
ol o -A-.......___._ « Not strictly limit the current error
) 0 10 20 30kHz &0
in frequency domain
DB-101
P
£n . PECon
9 Outline PECon
CPES 2008

1. Introduction
2. Switching Modeling and PWM
» Switching model of VSI & boost rectifier
» Space vector modulation for VSI & boost rectifier
» Other modulations for VSI & boost rectifier
» Switching model and modulation for CSI & buck rectifier
3. Average Modeling
. Small-Signal Modeling
. Closed-Loop Control Design

(O I SN

6. More Complex Converters
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o Buck Rectifier / Current Source Inverter

W - - -
CPES — similar approach but different results —
* Buck p 7777777777777 L
Rectifier | i
¥ sig sb:g Se /m ¥
Ry | « Unidirectional DC current
Ve ,\f‘ v, C=—V,SR » Bi-directional DC voltage
ek v, | NE
Sank Stk scié oV <V, = (Vm]
K - 2
n .
e CSI| Vx = nytn {max{l Vab (t) |1| Vbc (t) Ii I Vca (t) I}}
ok p

! A
“<! Vdc
Sapl ST Sop T | R

| v |

LT T

pa ¢ T *Qs
i £ V_E in V |+
S:gy S S E AL Bl el Vaol Vel

[v

cal

DB-103

o DC-Current-Unidirectional

C‘P.;S Three-Phase Switching Network

 Topology:

» Three-phase terminals are
voltage controlled

« DC port is current controlled

* Six current-unidirectional,
voltage-bi-directional,

switches

« Allowed switching combinations:
Sak +Sok S =1, ke{p,n}

» Two single-pole-triple-throw
(SPTT) current-unidirectional
switches

Idc

DB-104
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o Buck Rectifier / Current Source Inverter
b . .
CPES Switching Model
s. T -
dc H s
‘ Labe Sabc “lyc
Vpn T
Ve Vpn Sabc *Vabe
where:
ia Sa Sap —San Va
iabc = ib §abc =| Sy |=| Sop ~ Spn vabc =V
ic S¢ Scp —Sen Ve
. Switching State Vectors
B
p 0(°) b
— I,[bc]
I,[ab] -30 A
— — | &f —
I,[ac] 30 I, [ba] "I o I,[ac]
[3[bC] V2.1, | %0 i .
I,[ba] 150 &
I5[ca] -150 T5[ca] I,[ab]
I5[cb -90 >
o101 c T,[cb]
I,[aa]
i 0 0 ~
1o [bD] I, =[aa] =[bb] =[cc] at center point
Iolcc]
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)

~ . PECon
CPES Outline 2008

1. Introduction
2. Switching Modeling and PWM
3. Average Modeling

» Average model of boost rectifier
» Average model of VSI
* Average models in rotating coordinates

4. Small-Signal Modeling
5. Closed-Loop Control Design

6. More Complex Converters

DB-107

i3 Boost Rectifier Switching Model
= .
CPES State-Space Equations

dVdc _ 1 i Vdc

Ve , Ve dt C* RC

DB-108
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o S Boost Rectifier Switching Model
CPES State-Space Equations
VaB Vab iab Sab
Vit=|{Vec | Via=|Voe | ho=|lc| Sio=|Sh
Vea Vea ica Sca
o _Llg 1y Vi =S v
dt 3L Vi-L 3L Vi - I-1 " Vdc
ol = Ligy vl loe =811 -1y
dt C % RC © T
dip, _ 1 —V L —5,,-V
dt 3|_ L-L 3|_ 1-1 de
Ve _1or o Voo
d c ' RC
. Average Circuit Modeling

Applying an average operator to switching model

» Switch duty cycle
t -T

« Phase-leg duty cycle O, = ap =1-d,,

t

1 t
(t) == j x(t)dt
t-T

dap = Sap (1) = j Sap (7)de

_ 1
« Line-to-line duty cycle gy =Sy (1) == | Sap(7)dz =d, —d,
T
« KVL and KCL V=0 Ti=0
_ - di - dv,
« Linear components Vp =RI vV, =L—L i~-=C—C
P RETR T g T T

DB-110
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C‘E’yES Averaging of Quadratic Terms

Vab =Sab *Vdc
1 t
Vab =7 ['Sab (2) Ve (1)dT = 53 Ve = iy Ve

t-T
if maximum-frequency components of Vg (t) are <<1/2T .

Si—1 Ve = Si—t Ve = djy Ve

>

=T o T = T =
Sy iy = Sy iy =dy_y -y

DB-111

o Development of Boost Rectifier Average

=

CPES Model

di, 1. 1
7VL_L —_
dat 3L 3L Applying average operator

W _Lor 7 Voo —

SI—I -1
d¢ C RC
1tdi;-|() 17,1 1.
T a0 LG O s @ s
1 t dvdc( ) 1 h 1_,1- - Vdc( )
i SRR b otk

di, 1- 1. _
ot =1VL—L_idI—I'Vdc

DB-112
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» Third order system due to degeneration

o S Average Model of Three-Phase Boost
Rectifier
v+ Switching Model
Fodiy 1o 1o
dt 3L Vi 3L 1-1 *Vdc
dvge _ 1. i _Vac
a ¢ TRe
Sa —Sp = dab
Si.1 = Sp—S¢ di_ =| dye
+ S¢ —Sa dca
Vae Average Model
d|| 1 j 1 - _
—d_ -V
dt 3L Vil — 3L I-1 " Vdc
Voo _Lgr 7 Vao
it c " RC
&5 Another Equivalent Circuit for
T .
CPES Boost Rectifier Average Model
i 3L
* dab'vdc‘
+
i 3L =
Ibc Vdc
A A P
— 41“ de dab"ab dbc"bc dca"ca
Ica 3L ‘ N
Vv
“ dca'vdc‘

DB-114

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
Tutorial at PECon 2008, Johor Bahru, Malaysia, 30 November 2008

57



o S Steady-State Operation
CPES under Balanced Sinusoidal Excitation

Given: Iy 3 lac

L
N - - +
VaB Vi cOs(wt) 7 dab “lap dca 0 Icai R
v =|V,, cos(wt—2r/3 AB o V,
L _

Vea | | Vi cos(wt+2m/3) —

3

Goal: + Ibc Assume:
iap I, cos(wt) 7 5 dap D,, cos(wt —0)
inc | =/ Im COS(ewt —27/3) Be d .V dpe |=| Dy COS(c0t —27/3-6)
_ bc dc
dea Dy, cos(wt +2n/3-6)

ica I, cos(wt +2m/3)

igc =Dl [cos wt cos(wt —0) +cos(wt — 2—3“) cos(wt — %ﬁ —0) +cos(wt + 2—37[) cos(wt + %ﬁ - 9)}

i _Dnl cose+cos(2wt79)+c059+cos(2wt74—n79)+cosa+cos(2wt+4—n79)
= 3 3

ige = g Dplyncos@ =const. = V4. = % RDp, 1, cos@ = const.

DB-115

o S Steady-State Operation
CPES under Balanced Sinusoidal Excitation

Vge =const.=Vy., = dgp-Vye = Dy, Vg COS(awt —6)

:> Can use positive sequence phasors for steady state:

Vpg = m | g =
AB _T AB — &
2 V2

Dyap Ve = D”l/%/dc cosf - j- D”\‘/%/dc sing

Vg = 3wl -1 pg + Dgp Ve

Vm
RD2 cos? 4

1 . 4 4oL Vv 2
> O==sin"| —- |, |Vge=—T— |, ==
2 [RDZJ dc m 3

" D, cosd

dab:da_db Edap_dbp’ dap’dbp G[O,l] = _1§dab <1

I— Dn<l = | Vg2Vp,

DB-116
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. Outline

PECon
2008

1. Introduction
2. Switching Modeling and PWM
3. Average Modeling
* Average model of boost rectifier
» Average model of VSI
* Average models in rotating coordinates
4. Small-Signal Modeling
5. Closed-Loop Control Design

6. More Complex Converters

DB-117

. Development of VSI Average Model
,,,,,,,,,,,,,,,, 5T
5, S S,
WEmE T |
Ve Ve o
d@) Vv, WC%VBC:T:VCA I
: e | iR
y #K’} 43}
san Sbn scn
,,,,,,,,,,,,,,,, N
a1, 1 di_ 15 , 1
dt 3L 1-1 de 3L L-L dt _3L 1-1 dc 3'_ L-L
Averaging
/B N L N
dt c'' Rc-t dt - T Re bt
A idc—alTl il
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o S Equivalent Circuit for
CPES VSI Average Model

3L 3

lgc ldab 'Vdc

3L

~ IbC

OO b d *
i (G Vi

1.

- é CT Vas
1
1

dab “lap dbc “lye dca “lea

3L

ldca 'vdc

* Fourth order system due to degeneration

DB-119

<> Steady-State Operation under DC Input and

For: Vg4, =const.

dap Dy, cos(mt)
and dye |=| Dy cos(wt—2n/3) | =

dea Dy, cos(wt + 27/ 3)

'Dab 'Vdc = ‘VAB‘ SVdc

L+—
1+ jwCR

» Steady-state ac voltages and currents are sinusoidal if
« Difficult to define small-signal model. Operating point ?

CPES Balanced Sinusoidal Duty-Cycles
i’ g ?Y-I:m iab +
de é J_
_ v R
VdC@) l l l ldab Ve CT ”
dab ’ i7ab dbc ’ i7bc dca ’ i7ca 3L i, 1
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)

. Outline

PECon
2008

1. Introduction
2. Switching Modeling and PWM
3. Average Modeling
* Average model of boost rectifier
» Average model of VSI
» Average models in rotating coordinates

4. Small-Signal Modeling
5. Closed-Loop Control Design

6. More Complex Converters

DB-121

Taqo/abe =\E —sinwt —sin(a)t—z?j[) _Sin(wt+237,[)
EE 1
V2 V2 V2

where: w=2, f is ac line frequency
(source frequency for boost rectifier;
desired output frequency for VSI)

-1
quO =T Xanc Xabc =T 'quO

(T= quO/abc)

CPES Coordinate Transformation
Choose coswt  cos(wt — 2;) cos(awt + 2;)

DB-122
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o Coordinate Transformation

%_l.(‘r.a )T Ve
d C - ' RC
T-djy =dygo T iy =lggo
- dij 0 1 = 1 T —
quO + dtq = 3L dqo 3L dqu Ve
(Y ) )
dVdc l T 7 Ve

CPES — Boost Rectifier —
di, 1- 15 _
==V _,——d,V
dt 3L L-L 3L -1 dc
dvdc _iaT |: _ vdc
- [ B |
d C RC
_T-1, d(T i _ -
Xape =T Xego (-rdt‘m):?’ll_'rl.vdqo_?’ll_'rl.ddqo.vdc
>
%ZEJL .'|'*1'|'.i|_vdC
d C RC
aTt= g -4 1= _, 1. _ TX
= ?"dqurT . ddso =T l'ivqu_T l'iddqo'vdc =
dv,, 1 - T .= v
—dc _ — | -d T1, — dc
dt C (I- I—I) 1-1 RC
o S Coordinate Transformation
CPES — Boost Rectifier —
a7t = digg 1- 1. _
TT"qu"’Tw:ivdqo_iddqo'Vdc
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Coordinate Transformation

cos wt —sinat

d, |2 2 . 2
=T -—(,|=| cos(wt——) —sin(wt ——
dt(\g (=) (=3

cos(awt + 2?”) —sin(wt + 2?”)

-1 T
T _o.dT
dt dt

T.

ol i

—wsin wt —@COoS wt 0
= \F —a)sin(a)t—z—”) —a)cos(a)t—z—”) 0
3 3 3

—wsin(wt +2?”) —w cos(awt +2?”) 0

coswt  cos(wt — 2—7[) cos(awt + 2—”)

V2 V2 V2

—wsin ot —wCcoswt
=\F—sina)t sin(et =) —sin(et+2) \F _osin(@t-25) —wcos(@t-25) 0
3 3 37|'V3 3 3

0

—wsin(wt +2?”) — w cos(wt +2§) 0

DB-125

~~

CE;VES Coordinate Transformation

Using the following trigonometric relationships

cos’ x+cosz(x—2—7r) +cosz(x+2—”) _3
3 3° 2

sin’ x+sin2(x—2—”)+sin2(x+2—”) _3
3 3
sin x-cosx+sin(x—2?ﬁ)-cos(x—z?”)+sin(x+2§)-cos(x+

COS X + COS(X —2?7[) +Ccos(X + 2?7[) =0

27Z):0

. . 2r .
sin X +sin(Xx ——) +sin(X + —
3 3

2z
3

)=0

DB-126
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o S Coordinate Transformation
CPES — Boost Rectifier —
4T 0 -w O
— T. =l 0 0
0O 0 O
Therefore: T dT ™ = quO _ 1= 1 q. v
dt 'qu0+ dt _3L quo_i qu'Vdc
dvdc :ia’T |j _\7&
dt C W 0 g
= 0o - 0
digo 1 = @ = 1
dt :i dgo ~| @ 0 0 'quo_iddqo'vdc
:> 0 0 O
Voo _Lgr 7 Vao
dt C M Y0 pc
o S State-Space Equations
CPES — Boost Rectifier —
i Eab _i YAB _i :ab .\7
dt 7bc _3L 7BC 3|_ bc dc
ca cA dea (abc coordinates)
i7::\13
av,, 1 . v
=k ——[d, d,, d,]|f, |-
dt C[ ab bc ca] |:ibc RC
i v 0 —w 0]/ d
|l 1 A N B
— g =Yy |-|@ O Of]iy|[——|dq| Vg
dt 3L 3L
i
dvg, 1 [d 4 d ] i—d Vg (dq0 coordinates)
g ct-¢ 9" i,q RC
0
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o S Equivalent Circuit in dg0 Coordinates
CPES — Boost Rectifier —
4 (3 The cross-coupling terms,
I 3L 3ol - -
. a 3wLiy and 3wllig,
‘ dy Ve in dc coordinates (dg0),
o 7 account for the voltage drops
4+ . S across inductances at line
o 3L 3wli . .
. frequency in ac coordinates,
! d, Yy j-3wliyy , j-3wliye , j-3wlig, -
+_
" ‘ Vo
Iy 3L
v =C § R
0 _
o Ve dy -1y dq'iq do *io
CPES 0-Channel
Vag Ve +Ve, =0
_ o Vo, =0
Since Iy +loe Tl =0 |:> =0
o =
dab+dbc+dca50 dOEO

0-channel can be omitted

DB-130
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o Equivalent Circuit in dg0 Coordinates
CPES — Boost Rectifier —
+4>_NY\ {3
i 3L 3l
v
‘ dy -V, J_ +\7dc
4 %] TC R
I 3L 3alj, : -
_ ! ¢ dy -l dy I,
v, B _
d, Vi
dlfa|_ 1V |0 —elll) 1/d o
dt|i;| 3L|V,| @ O ||iy| 3L|d,| *
dvdc 1[ ] id _vdc
dt  c-° "%, | RC
o S State-Space Equations
CPES — Voltage Source Inverter —
di, 1+ -
#=idl—l' de LVL—L
(abc coordinates)
dVL—L ilj _ 1 6
dt c'' Rrc -t
idc:d.ltl'i—l
CTSO _ST dgo “Vae —| @ 0 0 i;‘qu ivdqo
_ 0 0 O
Transformation
d\?qu 1= 0 -0 = 1=
at =E|dq0 [0} 0 0 'quo Rvdqo
0 0 O
T = Oago 'i:qu (dgO coordinates)
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o S Equivalent Circuit in dg0 Coordinates

CPES — Voltage Source Inverter —
ly 3aj_iq J_ Vy
. dd.vdc a)CVq CT R
i7dc —
VdC<> *T—FNY\ S +
) I, 8L 3o, v
d, i d, 1, d a
o dy Vg wCV, CT R
dldq 1 - 0 -w| = 1 =
Tat gL Ve T, g | T Ve
Wy 17 [0 -] 1
d C% |0 0| %@ Rc ™
i7dc = dgq qu

DB-133

o Buck Rectifier / CSI dq0 Model
CPES — similar approach but different results —
Buck Rectifier +

| =~

+

<
o

DB-134
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» Small-signal model of boost rectifier
* Small-signal model of VSI
* Three-phase modulator modeling

5. Closed-Loop Control Design

6. More Complex Converters

o : PECon
. Outline
1. Introduction
2. Switching Modeling and PWM
3. Average Modeling
4. Small-Signal Modeling

DB-135

£

CgES Linearization

Autonomous dynamic system: g—)t( = f(%,0)

I f is analytic it can be expressed as Taylor series:

F(%,0) = T (0, 0,) + af(g‘;’ B k-2 + ) G-+
PR e, PTG o o

+2!{ o (X=X)" + %00 (X—X,)(@—tj,) +

+

Retaining the first 3 terms results in linear approximation of f:

o f(X.,0),. .
(gﬁoz O)(u_uo)2

oo g o O (R ly) o o OF (R Up)
(R = (% 0) + H02) () 4 Tb) g g
But the dynamic system is NOT linear because:
d_X af(XO’ 0) —' af(XO' O) +f()—('o,u'o)_af(xo_.'uo)'Xo_af(x(!uo)‘u'o
dt oX ou oX ou
X = A X + B U+ g#0
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£

CRES Linearization
T fmm = f(ra)e Tl g TEb) g
If (%,,0,) is an equilibrium point (X,U), and (x u) is perturbation around it:
=  f(X,U)=0 X=X +X G=U+0
— d7x 0 — dx _ dX dX _ dx
dt t dt dt dt
dx _ of (X,0) ~ of (%,0) ~
- X -u
= & x| Ta |
(X,U) (X,U)

— g coo
A:(’Bf(xa,u) B:(’Bf(xq,u)
aX (X, U) au (X, U)
DB-137
o S Average Large-Signal Model
CPES Boost Rectifier
+4FM%
iy 3L 3all,
E dd'vdc
K Vdc
N =C R
Iy 3L 3ali, .
v, K€ dg iy d, -1,
dq'vdc
A steady-state operating point:
3 D _Vid Vdc
_ 2. . C = |, =
Vd \E V., (Vm: Max line-to-line voltage) d Vdc d R-D,
_ 3Bolly B
V,=0 D=y =0
DB-138
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Linearization — Boost Rectifier

i)l e Sl

dd —
dq Vi

Linearization

DB-139

CPES

< Small-Signal Model — Boost Rectifier

—>

- 0 o - - 0 — 0
iy %L iy 3L i 3L .
d i(; “l—w 0 —-—° E 0 _Vae I I | ENE d
dt| - 3L | |- 3L | | d, 3L | [V,

Vaol 1Dy Dg 1 |[Ve [P 0 0

C C RC C C
-— R [u—— — [u—— —
X = A X + B u + D v
Intrinsic Control Disturbance
System Dynamics Input Input

DB-140
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g

CPES

U Small-Signal Model — Boost Rectifier

Frequency [rad/sec]

b
dq

Frequency [rad/sec]

Kigdg * (S + Zigdq )

+
Vdc
C!! R
dy-lg [Dy-iy dq'lq Dq'lq
DB-141
b Open-Loop Transfer Functions
CPES P P
lg _ Kigag (S + Zigga 1) - (S + Zigaa 2)
dg (s+py)-(s+py)-(s+py)
80 60
m
60 3
| \\\ 3 2 N
20 £ g -20 N ™
0 -40
-100 200
-150 i T — 150 T ——-1
-200 a!/')’ 100
©
-250 \ | a 50 \
-300 0 I~
1 10 100 1000 10000 100000 1 10 100 1000 10000 1000t

(s+ py)-(s+ pz)-(s+ p3)
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Open-Loop Transfer Functions

g Kigd (8 + Zigga1) - (S + Zigad 2)

dy  (s+Pp1)-(5+py)-(5+ Py)

60 80
=anlAN T L
“ 3 e S
20 (] \\
0 s ™~
N S NN
20 [ 20
N =
-40 0
50 180 s —
™~

0 Sy 160 I

=
-50 © 140

&
-100 \ & 120 il
-150 100

~ [ —
200 80
1 10 100 1000 10000 100000 1 10 100 1000 10000 10000¢
Frequency [rad/sec] Frequency [rad/sec]
~ K "
iqdg * (S + Zigdg ) - (S + Zigqq )

- *
dg  (s+Pp1)-(s+pp)-(s+ p2)

DB-143
R Open-Loop Transfer Functions
CPES P P
Vi _ K vdcdd * (S + Zydedd 1) * (S + Zygedd 2) - (S — Zrpp )
dy (s+py)-(s+py)-(s+py)
80 60 Sunl
" Il g w Il
% 20
20 2
N E 0
20 I e § 20 N o
0 -40
200 200 1]
150 B 0 Il [~ I
100 < h
50 ﬁ 0
o \ L oL & 00 \\
50 [ -200
1 10 100 1000 10000 100000 10 100 1000 10000 10000¢
Frequency [rad/sec] Frequency [rad/sec]
\7dc decdq ’ (S + Zvdcdq 1) ’ (S — ZRHp )
dg (s+Ppy)-(s+pz)-(s+ py)
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o : PECon
. Outline
1. Introduction
2. Switching Modeling and PWM
3. Average Modeling
4. Small-Signal Modeling

» Small-signal model of boost rectifier
« Small-signal model of VSI
» Three-phase modulator modeling

5. Closed-Loop Control Design

6. More Complex Converters

DB-145

. Average Large-Signal Model — VSI
M {3 +
3t 3al, J_ Vi
4 i oCV, ¢ T R
i _
w3 i g
Aoy | o,y d Y
- wCV, CT R
A steady-state operating point:
v Vy — 3Ll
ly =& ~alCVq g =— v ‘
=Yy, _Vy +3eLl,
R ‘ Vdc

DB-146
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Linearization — VSI

d
o dt
Linearization

— EF

.Q< o
1
1l
Olr

DB-147

. Small-Signal Circuit Model — VSI
[+ +

3L, J_
B C R2 Vg

’i;c oCV, T

+ —
\7dc

_ N \ 4 L +

dy-lg| Dy-ig| dy 1| Dy 3wLi; J-
) C=T R

oCV, T
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» Small-signal model of boost rectifier
* Small-signal model of VSI
* Three-phase modulator modeling

5. Closed-Loop Control Design

6. More Complex Converters

. Small-Signal State-Space Model — VSI
_ . _
0 -— 0 r 1 r
T ® 3L T Vﬁ 0 &
Sl 0 o LIP3 _ - |3L
dilg|_ 3L ||k l,| o Yee[[9|,|Pa|g
djVg| |1 o 1 o ||V L [|dg| [3L| ™
7, | ¢ RC o 9 0 0
0 1 - S L 0 0] L 0
L C RC |
— — " Y
X = A X + B i + D v
o : PECon
CPES Outline 2008
1. Introduction
2. Switching Modeling and PWM
3. Average Modeling
4. Small-Signal Modeling

DB-150

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
Tutorial at PECon 2008, Johor Bahru, Malaysia, 30 November 2008

75



. Natural and Uniform Sampling
Natural Sampling Uniform Sampling
Modulating
signal
AN —1> AN T
Carrier
yavives |
0 v 0
T y 1 Ton |
Ts ﬁs
. Trailing- and Leading-Edge Modulation

Trailing-Edge Modulation Leading-Edge Modulation

T Ton

&= Both are the natural sampling

DB-152
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o S Review of Modulator Modeling for
CPES DC-DC Converters
» Natural sampling
« Unity gain
« No delay
» Uniform sampling
1. Trailing-edge modulation
* Unity gain
« Phase delay at a modulation frequency
D Ts o
2. Leading-edge modulation
« Unity gain
 Phase delay at a modulation frequency
(- D)'Ts "®m
-Q— _ -
. Three-Phase Modulator Modeling

» All naturally sampled modulators can be modeled by the constant
gain term

» Modulators associated with analog controllers

v ref v

» Small-signal models have to be derived for uniformly sampled
three-phase modulators

» Modulators associated with digital controllers

DB-154
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g

CPES

< Example — for Boost Rectifier and VSI

» Trailing-edge modulation (2®-RA)

pnn ppn ppp

Sa
S

b Phase delays:
SC
Sa Dap - Ts - oy
Sbc
Sea (1_ Dca)'Ts " Wy

TS

» Two out of three switching functions always have pulses
synchronized to the beginning of the switching period

DB-155

o S Approximate Average Model of Digital
CPES Modulator
qref — ——dy
. d '”Vefse Digital Coordinate model of
desired Coordinate
Modulator Transform. actual
déef_, Transform. -~ -d,
p actual
a‘dref M\ ad
j .
dlef e STd dg
d(;ef e_STq dq
q + q d~ g~ s

DB-156

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
Tutorial at PECon 2008, Johor Bahru, Malaysia, 30 November 2008

78



2. Switching Modeling and PWM
3. Average Modeling
4. Small-Signal Modeling

5. Closed-Loop Control Design
e Control approach
» Current-loop design
* Voltage-loop design
* Limiting

6. More Complex Converters

o : PECon
CPES Outline 2008
1. Introduction

DB-157

c‘fz—s Classical Linear Control Design Approach
Controll Outputl
Power stage
Control2 Output2
Compensator
Controll Outputl
Power stage
Control2 Output2
Compensator2
Compensatorl

Multi-Input-
Multi-Output

Single-Input-
Single-Output
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& Closed-Loop Control Design

» Based on small-signal models

Advantage
* Classical control design methods can be used
(Bode plots, root loci, etc.)

Disadvantages
* Design is valid only at a certain operating point
e The approach does not guarantee large-signal st

ability

DB-159

. Control Structure: Cascade Control
1. Inner current control Three-phase
a. Bang-bang current control (and PWM

PWM) in stationary coordinates Converter

b. Current control in stationary
coordinates with two independent
or three dependent current Modulator
controllers (P, PI, or resonant
regulators)

c. Current control in rotating Current
coordinates with two independent Current | Control
current controllers (P or PI Feedback
regulators) T

Output
2. Outer output voltage or torque / Control

flux / speed / position control
(PI regulators)

Output
Feedback

DB-160

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
Tutorial at PECon 2008, Johor Bahru, Malaysia, 30 November 2008

80



. Control Realization

1. Completely analog control
hardware complexity

2. Combination of analog and digital control
voltage or speed and flux control

3. Completely digital control
Used in most new designs

Complete analog control is rarely used because of

Analog current control in stationary and digital output

DB-161

& Open-loop Boost Rectifier Control
CPES P P
VA oo YYo= |
A 3 - Phase
Vg o A0S o Switching
Network
Y/ Y™ Y\
C
ia | [ip 6
Phase- Phase-to-line
locked current SVM
loop (PLL) transf.
fap | | ibc dg dﬂ
cos 6 Coordinate Inve_rse cos 6
. transf coordinate _
sin 6 : transf. sin 6
ig 1 1ig dy | | dg
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i Open-loop Boost Rectifier Control
CPEs Digital Signal Processor (DSP) Implementation
6
SVM
d ref da T T d,b’
dye —~[ap]—2+| InvERSE COORD.
ref TRANSFORM.
I e
q
|
VaB 4’|A/_DI PLL & sin®, cos@
Vec —[aD| GENERATION
! ! i
d .y
COORDINATE [DIA— i
TRANSFORM. iq 4. |q
DSP
AD| |AD
iab ibc

DB-163

~~=c Transfer Function Measurement Set-up

3 - Phase
7 ~~—1 Switching
P Network

— D/IA
AD |——>| DsP _.| @zon)
f f
arfl Togt 70|
lg |q
A/D
drl’ef d,ref
d
U A B8
Dy —Q O-—Dy Impedance
+ 4+
d ,refL J a,ref Lo o] Analyzer
d q .
(Outputsignal( Test signal ‘
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)

. Digital Delay
Sampling
instant
k TS (k+1) Tg (k+2) Ty
Comg:lt:tlonal PWM delay
y
Tc Tq Tq
® Modified small-signal model
e 1 \7 |—-—-—-=-- 1
| Iq dc! —sT~ |
g ref i dg e "¢ V4
d : e ] BOOST _ : :
1 : RECTIFIER | 4 ' [ _sT. |! =
| | =~ @ [ Iy
1 I a‘ SMALL-SIG. | !
g ref I P MODEL |y ! : ~
q | e : q " e—STC . i/
I X I I a
Il | emmmemeemeececamo-mo-- 1 |
. . |
. “Digital Control Interface”
e e e e e e e e e e e e e e e e -
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o= ..
. Digital Delay
e 1 v |—-—-—-=-- 1
! | a dc'! —sT. | =
~ ref 1 _ y YUd =~ e c Vd
dg° le STd 1 BOOST | _ ! ! ¢
| -
[ i RECTIFIER | ld ' [ —sT. | o
I I e 70 Iy
1 [y SMALL-SIG. | !
gret | -sTq ' A MODEL | iy ! V-
q e | q e—sTC , v
I X I I a
| |
| |
| |
|

® Simplified approximations in continuous time domain:

1_STdel (sTger

o STdel 2 12 >
14 STgel N (STger)
2 12

e Often choose: Ty # T; = Ty qu szampIing = switching
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» Control approach

» Current-loop design
* Voltage-loop design
* Limiting

6. More Complex Converters

c§_:s Outline
1. Introduction
2. Switching Modeling and PWM
3. Average Modeling
4. Small-Signal Modeling
5. Closed-Loop Control Design
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< Current Loop Design

O
In
L

iRVdc

| Digital Control Interface

-y ref ref
—Jd dg T dq
+
Hid
Idref il
N H.
Igret NG iq
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i? _ _ .
CRES Control-to-Current Transfer Function
70
= 60 '/
% % T i \\\
g 30 NY
= 20 ™ S
-150 "‘"\\
5 LT
. -250 \\__.__
-300 \\‘
0.1 1 10 Frequelr(:(::y [Hz] 1000 10000 100000
g Kigag (S + Zigga1) - (S + Zigaa 2) Hy =K LK
=~ — * id — p
d (s+pg)-(s+py)-(s+py) S
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i? _ _ .
CRES Control-to-Current Transfer Function
70 |
e ™ 5
g \A\\
g 0 NJ
= ™ R
= 140 N
N
E 120 \/
100 \
Siuiling
0.1 1 10 Frequel:)‘l::y [Hz] 1000 10000 100000
ii_Kiqdq'(s+ziqdq)'(s+z;;4dq) H K +ﬁ
T * 1q — p
dg  (s+p1)-(s+py)-(s+py) S
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-100

-200

Phase [°]

-250

-300

-350

100 1000 10000 100000
Frequency [Hz]

* Q channel loop-gain T,
» Bandwidth is limited by delay (f,,=20kHz)

Current Loop-Gain
80
Sufj
= 60 .\\
E 0 xi ~ LN
2 5 Mmue on
g
= o SAy
20 lin
-50 = ZasiiI
— 10 mmaniil =iy
§
& -250
-300 AY
0.1 1 10 Frequelrﬂ:z:y [HZ] 1000 10000 100000
* D channel loop-gain T
» Bandwidth is limited by delay (f,,=20kHz)
DB-171
v Current Loop-Gain
CPES P
100 T
g o fii ~ R
8 w et ~{ v 4, ¥,
é 40 N U ;ﬂ@
g 20 \\\-. ! N ‘d, d'
= 0 T Mt i!z'\rcﬁnrtn\\!vm#!p
20 [T~ - T
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v Current Regulation
CPES 9
« Peak is more pronounced when gain increases
0 —T7 g o -
-15 \ g :15 \
- i " TN
- £
s ™~ a0
0.1 1 10 Frequei]ogy [HZ] 1000 10000 100000 0.1 1 IOFrequerlﬁ:Oy [Hz] 1000 10000 100000
i i
lref Iqref
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Current Loop with D and Q Decoupling
CPE:
qref
Vret + 7 gt ref
HV N Hid dd
— Idref — +
v’y o
¢ J d 30)L/V,dc
3oLV’ 4,
+ ref
: H.  — d
lgref  + Iq dqref N a
_ ~ . _ - 1 .
dg =d* &0 = (43" +3wLig /vye)-e ™0 =dg +30L e g
Ve
_gref —STq Tref . ~sTqy 3 1 =Ty .
dq—dq e —(dq —3wLig /vy )-e —dq—Sva,—-e 14
dc
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Decoupled D and Q Channels

dq -ig

aq-VdC dquc +3C()Li_d =

Vdc

CPES
ddVdC —3CULi_q = ~0
— dgVye +3aL -9 =Tt —3wLi,
Vdc
J_ +\7dc
C R

~ Vg —sTq. -
= dqVy, —30L %™ %y + 3wl iy

~
~

* Similar to two parallel dc-dc boost 0

converters after d and g decoupled

. Cross-Coupling Effect After Decoupling
g lq
lgref liref
: ™ ) il \
; - o - —
o N
\
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<7 Outline

PECon
2008

1. Introduction

2. Switching Modeling and PWM
3. Average Modeling

4. Small-Signal Modeling

5

. Closed-Loop Control Design
» Control approach
» Current-loop design
* Voltage-loop design
* Limiting

6. More Complex Converters
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CPES Output Voltage Loop Design

10

Magnitude [dB]
(4]
7

-10
-15
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-100

Phase [°]
7/

-150 N

\

0.1 1 10 100 1000 10000 100000
Frequency [Hz]

-200

ch __ K-(s—7pwp)
Igref (s+pL)-(s+pw)

c =
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COMPENSATOR DESIGN

e Voltage compensator
Ky@+s/zy)
VT s(l+s/py)

e Place z,, as high as possible
for required phase margin.

Hy e Place p,, for loop-gain
attenuation.
Outer loop-gain e Attainable voltage-loop
bandwidth:
O¢ < 1/4 ZRHP
@c
DB-179
o S Attainable Voltage Loop Bandwidth
CPES with Delay
o
=} ® \/oltage compensator
'§ L Kursizy)
V' s(@+s/p,)
® Zero is placed close to
50 the crossover to
improve the phase
. margin
{@)]
[}
h=)
[}
(%]
«
<
a

100
Frequency [kHz]
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(PFC operation)

. Time Domain Simulation Results
.1_.\ \
{ \\ [ '\ \ Eomafl ——— —
\\\ ".\\
mal] | ,_. % \
Phase voltages and currents Output voltage
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i)

!;_....
Il

- Outline

PECon
2008

Introduction

Switching Modeling and PWM
Average Modeling
Small-Signal Modeling
Closed-Loop Control Design
» Control approach

§
o s |

» Current-loop design
* Voltage-loop design
e Limiting

6. More Complex Converters
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==

C‘BVES LIMITING IN THREE-PHASE CONVERTERS

Current
Feedback

Three-phase
PWM
Converter

t
Modulator
)
Limiter
1
Current

Control
)
Limiter
t
Output

Output
Feedback

Control
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~~

CPES

Duty Cycle Limiting

bc

ca,

vV ref

v ref

‘J ref

® Boost Rectifier/VSI Switching State Hexagon

ab yref — gref .

e Maximal attainable voltage vector lies on the hexagon
e For sinusoidal average output voltages the voltage

vector must be inside the inscribed circle

3
g\/;-vdc =

<1l = dd2+dngl

_'Vdc
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; Duty Cycle Limiting

CPES
If df+df>1
_ dg
dlim d§+d§
d
do. = q
W42 4 d2

e VVector angle is kept constant

® (dg )im and( dq)iim should be fed back to the anti-windup
current controllers

e |f output of each current controller is limited separately
it can result in unattainable voltage vector

DB-185

o S Variable Limit Pl (“Smart Anti-windup”)
CPES Current Controllers
- — _/_ ddlim
Ki/s
idref + +
( ) Kp déef
i, 3LV,
_ dref
. K, a
Tgref + +
Ki/s
B K - _/_ dqlim
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CRES Current Limiting

* Maximal current magnitude is limited

VY2 + (1N 2< 10

e Limiting of each reference current component is determined by
the control algorithm

EXAMPLE
® Boost rectifier control

Output ifef Ciim tHe

[
— d
voltage / —

regulator

Current
Input jref £

(iref)_ Control dqref
displacement| ¢ /* q /lim
factor

controller

\/(lmax) 2. ( idref) ﬁm

DB-187

i)

!;_....
1|

- Outline

PECon
2008

Introduction

Switching Modeling and PWM
Average Modeling
Small-Signal Modeling
Closed-Loop Control Design

0
o rw oo | R

6. More Complex Converters
* Three-phase four-wire (four-phase) converter
* Multilevel converters
» Parallel converters
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]

Vv, Moy, R
c wd
¢ Ve
VN

Ej} Ve 1, 2R
L

H

VA Vg ,,LVC AN
\/—\(
Output Voltages | _~\ / \\ 7

~ N~/

N1
AN
AN
—N

N_
VI

» There is no path for the neutral current.
« Output voltages are unbalanced.

Conventional inverter is not good for highly unbalanced load.

DB-189

s

< _ Applications

* Provide three-phase four-wire
* Deal with unbalanced and nonlinear load

K]J_

» The fourth leg provides a neutral current path

» Compared to generating V,, with capacitive divider:
* Much smaller dc-link capacitance is needed

i

'
R
R 2R

U UT U 4
Ve 1y Ve “ic—m V, Ve —m
O = Yx v i, Vv, 5
: ia CJ: P LA o
I I I | T
L4
VN
Advantages

Load

« Full utilization of dc-link voltage (15% higher) with SVM
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&5 Three-Dimensional Space Vector for
CPES Four-Leg Converter

¢ O X

\

V b~

L]
»!
>

cl

<
B>
-
4“7

a-b-c coordinates = oa—p—y coordinates N

Vy =V, +V,, +V, #0

* Vy is the zero-sequence component
* Vyis related to the neutral current

DB-191

N .
< A Nonlinear Load
CPES
Three Single-Phase Diode Load current Desired voltage [Vax Vox VCJT
Bridge Rectifiers with C Filter .. T . . T
[IA Ig 'c] for sinusoidal [VAN VBN VCN]
da 1 TR
A o] LT‘ ~l Vector
T s ' ! ; ZaRN i | Trajectory | | -
B S dnapy 4
X a Wt L/ — ‘l} Coordinates 7.
Ig X 2 w2
B
L N _ VA
$ Trajectory ) \T
Projectionon  * N\
A i a-f Plane ' /
7
ic i i J_ N I : i
c > N
1 L e 0
s : L Projectionon ‘7
N — . 0 7]
in T y -Axis a_s s
A 2 IVARIV ARV
b e o ‘ 92
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CPES Switching Model
[ N =—la —ip — ¢
e U ol s s ] y
V Xp V AV, c
dc c I, Vv
CD VX Vb Wib Vv B
Vak rvvv\i > A
sxn| Sanl Sbnl scn| . .
ILA ILB ILC
D =— = o
C
Lo iy
A > VN
Sa Sap _'Sxp ia Vax _Sa
Sp | =| Sbp — Sxp i =[sa o Scl|ip Vbx | =| S | Vde
Sc Scp "Sxp ic Vex _Sc
CPES Average Model in Stationary Coordinates

—

=
<

(@]

= @\7 CX AN .C _
Id<: V. [ v
J < >VbX e 'e e LN B

¢ VX— VaX Al A
C
) = .Q) == f—
ILACD ILB ) ILC
L, T
A~ VN
ia Voo | [dg Van V,, cos(ot)
e =[da dy dc]| Vbx |=| b | Ve Ven | =|Vim cOS(wot —27/3)
ic Ve de VON Jref | Vim COS(t +27/3)

« Controlled voltage sources are balanced for balanced load
< Controlled voltage sources are unbalanced for unbalanced load
« Difficult to describe the circuit operation in abc coordinates

DB-194

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
Tutorial at PECon 2008, Johor Bahru, Malaysia, 30 November 2008



)

™
Th

< Average Model in Rotating Coordinates

CPES
ig L A\ olli,
d Ly,
dy Vg wCv, \/ C Y K
i L j_ wli, /
Vdc Iy q l oy i
dy Ve oCv, c:l: q ta
i L+3L,
_— . . . 0 e .
e =dg -1y +dg -1, +d, -, JL
i
O d0 'Vdc CT Vo Lo

» 2 decoupled subsystems with reduced system orders

 Transfer functions can be derived based on the dc operating point

DB-195

S .
~ Transfer Functions
CPES
60 By
dd Vfd + __Yd %40 d \w“\
, : § do |11
10" 10°
Vo [ i
g5 - T,
g 3 . —~
i ST
Viq 1(IJ:requency (Hz) 1
dd .50 i
g4 il e’ | ["d [y
V + P S e
d, Yoo Lol Ve |5 dus
dq 10° 10°
§ 180 N NS
£ U : N
CIo Yo Vo FO AL ‘ |
g i 2 )
g 10° 10°
Frequency (Hz)
» Sampling delay and PWM delay are incorporated in the model
» The derived model agrees with the measurement very well
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o Impact of Load Power Factor on
Control-to-Output Voltage TFs

| anqveraay

(@8) - f(ri)
db(veid))

T T
| |
o= — | — — T T T
| [y \ | | | db(aray
‘T " T : ﬁnduc ive Lgad
04— — — — — T ) B S S e B =1 =
Y ! d//\f ‘ ! PH=0.8
d 0o — Cap*amﬂveona - f**‘**T***
T*aaﬂ‘ﬂ
| |
\ \ + - - -

rooTo T 7‘ Re: FSTIVEEOEJ
; - - # S —\— =

Resistive, capacitive (PF=-0.8), and inductive (PF=0.8) are all at 150 kW

 Capacitive load shift the resonant frequency to lower frequency
« Inductive load leads to a higher system order and higher resonant peaking

« Both capacitive and inductive loads are worse loads than resistive load
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£
CRES Control Block Diagram
. Unbalanced and
4-leg Inverter Filter Mo
Va
Vil Ve
A
— - Vc
T -
= VN
T I T I I I T T lac VANBN,CN
Modulator Rotating Transformation
abc/dqo
dan% d ldgo Vdqo
Rotating
Transformation
dgo/abc
ddqu -
Current |  Voltage Vgo_ref
Compensator Compensator +
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CPES Double-Loop Design
Vdref \ (L— dd i N Vg Vd
—®—| H, & Hy i, [ Iy
Ldref - ‘ Vo
v
>< T >< - L
. dd .
Vqref Iqref H dq i + iq Vq . °
_—— HV iq di e ® E QY A
R q i g Vq b
Voret - - i A Vv
_f’ - Hvo AQL)_'HiO dO (:TOD |l \'lj -
| 0
o CONVERTER
» Decoupling is not included
Switching State Vectors
in Three-Dimensional Space
» 16 Switching State Vectors
abcx
P LU UL
Vic +
CD X b + Vex
ak + Vbx
Ll Vax.
n Vv

e 2 zero vectors

« 2x6 vectors with non-zero 0L & 3

* 2 “zero vectors” with non-zero Y
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CPES Three-Dimensional Switching Vectors

3 pppN

v’:ﬁv“ y ppnn
W

. :iv nppn

. o]l . .p” n &

. B
Vy=ﬁvdc y pnnn

nnpn 2 Projection on a—f plane

V. =0 ppp

71 \\
el XS

npnx ppnx

V.

nppx O pnnx
.I.. VA
Prpnp [ prpp
2 nnpx pnpx
RN : pnnp
nnpp I
s ’ L
VY_ \/gvm nnnp o
where x={p,n}
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S Three-Dimensional SVM
CPES Step 1: Prism Ildentification
pppn pppn pppn
L)pnn ppnn ‘ / nppn
pnnn e d npnn npnn g
q RRR N RRR N RRR
N f .
A7V [F\ppnp PRnp IV ‘ et ppp
pnnp nn’np nn’np nene nenp nn*np
Prism | Prism Il Prism 11l
pppn pppn pppn
nppn /, pnpn pnp pnnn
= nnpn nnpn L -
B RRRR RRR
. B <
nppp [ VI T [F\PnPp pnpp [V
¥ nnpp nnpp ¥ ¥ pnnp
nnnp nnnp nnnp
Prism IV Prism V Prism VI 08202
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o Three-Dimensional SVM
CPES Step 2: Tetrahedron Identification
ppnn
pnnn
[+00]
ppnp
i [00-] pnnp
Tetrahedron 2
DPP [+++]
: ppnn
[++0] pnnn
ppnp
: pnnp
nnnp [0--J 5 nnnp[-"]
Tetrahedron 3 Tetrahedron 4 .
> Three-Dimensional SVM:
CPES Step 3: Duty-Cycle Calculation
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> Three-Dimensional SVM:
CPES Step 4: SWltchlng Sequencmg (Minimum Loss)

1 1
S, 1 1 1
S, J
S, | I'
S _| I
d, d; d, 4 1 1
Tow Titeen)
(a) Rising-Edge Aligned
v v
[ 1 1
S | |
s, 1 ]
s 1 ——
ST -I_ I__ L
N d d d ! !
Too ) ) Topen)
(b) Falling-Edge Aligned
1 e v Va N 1
ST T 1 T 1
s, ! T ! T !
T - T - T
s, T L . ;
s, | 1 1 t 1
4 dy dy dydy 0
12 2 2 d, 2 2 21 1
I Ts(k) T Tegeeny 1
() Symmetric Aligned
s Vi v, v,
B 1
Sy 1 T
g 1
¢ 1
S o1 T
| d d, © ds d, | d, 4, d d,
) T T Taern) !

(d) Alternative Sequence

o Experimental Results with Only
CPES Voltage Loops Closed
Unbalanced Load
Load current and neutral current Output voltage and neutral current

= .o ~ | § V;G g ' '
\IL‘A// \.\,_/’/ \\\/'){ /_—\\"/ \/ﬁ\\\_,_/
/ o \ K o AN TN
/ %
ILC
4 \\‘/_ ‘\\\ce /V
|

Chi FOTRY i 500\ S 0tms ChT %
R 10 0mver r4 10, omve ch: 500V hd 10
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o S A Four-Leg Inverter with
CPES Common-Mode Filter Function

« Common-Mode Noise

* A 4-Leg Inverter for Common-Mode Noise
Elimination

+ A New Modulation and Control Scheme for Inverter
Power Supplies with Unbalanced/Nonlinear Load

DB-207

3 A Four-Leg Inverter with
b . .
CPES Common-Mode Filter Function
4-leg inverter for 4-leg inverter for
unbalanced / nonlinear load common-mode reduction
BNERERER T T
) — ) .-
I L1 L

1Y) 11 ))

If Vo +V, + V. +V, =0, there
is NO common-mode noise!

In order to have both functions, we need
== A new switching modulation strategy

=> A new control design because of the series capacitor in neutral leg
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iz Use Only Switching Vectors with
CPES 2p'sand 2n’s

pppn

nppn : ;: di+d2+ds+da=1

pnnn

y=-1/3 npp|

y=-2/3 f
p

=t ppnn Vref:dl-Vpnpn+d2-Vpnnp+d3-Vppnn+d4-Vnpnp

hhh ! @
B npnp ppnn
AN L“ V
;/.’.' : :
n

. I nppn pnnp
= /N

; nnpp pnpn

nnnp 6 available switching vectors out of 24 vectors
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o Common-Mode Noise Reduction
CPES and Trade-Offs

250V/div -1 25V/div

Conventional 4-leg inverter 4-leg inverter with CM reduction

) bk ol

100A/div . 100A/div

IS0

XXAN -

Three-phase inductor current

* DMrippleis increased because of reduced vector choice
* 15% smaller maximum modulation index

Common-mode voltage Common-mode volta

ge

|||||||

Three-phase inductor current
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~ . PECon
CPES Outline 2008

1. Introduction

2. Switching Modeling and PWM
3. Average Modeling

4. Small-Signal Modeling

5. Closed-Loop Control Design

6. More Complex Converters
* Three-phase four-wire (four-phase) converter
e Multilevel converters
» Parallel converters

DB-211

< Major Multilevel Three-Phase Topologies
CPES
Diode clamped Flying capacitor
Nabae, 1980; Choe, 1991, Carpita, 1991 Meynard, 1992
V,
Sa1 a_ Sp1 S f:}_ J-Vd SBIJ:} Smég S, a J- ¢
S22 A:i Shz AE?_‘ Scz‘!:i c Sy 3@ Swe 2k SaE ¥ c,
Sukt Skt St ’—I sdilot soitlor sgiler
v .
Sa'la,:i_ 5.,‘135__ Svdi_ \—I Sa‘lai = Sn‘lig = chﬂ:'} = I
Sa'zl% Sh'Z'EB Sc'!!_:-}_ “ SBA'Z‘;‘E Sb'z‘aa Sc'z’«:'} TCS
Sekd Syl s:33 o Sl Syt ¥ s o
Cascaded H-bridge
A L S c. b—% T lc, o—% T L.
val|  ¥F ¥E [- Vb1 ;Q }3 Vel Xx ;3
| ¥ 5 ] | 3F @& | & X .
T Ca = Can T Cac
Vel X ¥K | ve|  ¥x ¥E Vel ¥¥ ¥%
23 7 S | B B | T &
I Caa TCa T Cac
val  ¥x ¥k y Vbal B va|  ¥X ¥k
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o S Merits of
CPES Multilevel Converter Technologies
Advantages

» Easy voltage sharing among devices
» Improved spectral performance of output waveforms

» Reduced dv/dt resulting in reduced reflections and damage to insulation
» Reduced switching and conduction losses

3-levlel 4-leviel 5-levlel

Vablvdc ¢

Disadvantages
* Increased number of devices
« Increased control complexity
« Depending on topology:

— Issues with capacitors balancing

— Issues with bi-directional power flow

DB-213

< Multilevel Converter Control
CPES
| Standard ac current and voltage | | DC Capacitor
control in dgO coordinates | Ba|anC|nlg Vdc
Com qu ref Com dq SVM Power Stage
omp. omp- abc & Load

dq § labe
abc|

dq Vabe
abc ‘

* Average and small-signal models are the same as for two-level VSI
or boost rectifier, except for multiple dc voltages

¢ Closed-loop control of ac quantities in rotating dq coordinates is the
same as for two-level VSI or boost rectifier

Additional controller for voltage balancing on dc-link capacitors
Modulator is significantly more complex
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o Space-Vector Representation of
CPES Three-Level Converters
» Switching model of n-level converter:
Three single-pole n-throw switches
n Rt T
Ny = e s
* 0% n1 > s 5 /
@’ - ST Y1z | ey
1 1 7 v -
n-1 c / @ [
Vie( O 0.5 - \ | —— &~
Y 1 c / . I
0 | 232V, Ve OR0__ |
. 05 P i S /
=1 1120 a1 | 0]
Vigk =Vco| 1K s 1 e +0 ™
R 2 _ REE L
k—i 2 2 210 20 T2
0 0
Voe/V/ e ! 27 2 ! \labN dc
* Voltage space-vectors can be represented in a
three dimensional line-to-line coordinate system
DB-215
o S Voltage Space-Vectors of
CPES Three-Level Converters
KVL : Vao T Ve TVea = 0 Large Vector \7L Medium Vector \7M
2
4& Va Vic —.L} Va
15, Vi ' Sa | Vi
'Ilé)b ' VC 1 '“_gb . VC
-I Sc Ovdc 'I Sc
Small Vector \75 Small Vector \73
2
—ck: Va Vdc—ol—o Va
! Sa ® Vy 1 Sa 3 Vy
=0 1 *
[ Sb "__Olc 'é)b K Vc
pe. e s

« Voltage space-vectors have different length:
small, medium and large.

« All the voltage space-vectors of a three-phase « Every small vector has two corresponding
converter are located on a plane switching states—redundancy.
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"‘h"% .
<> _SVM for Multilevel Three-Phase Converters?
CPES
40 40 KR40 340 440
Five-level converter
 Switching states: o RS % 55 335
n3 =125
« Switching vectors: i) e TN
3n(n-1)+1 =61
« Triangular areas: . 7 7
6(n-1)2 = 96 ! : & A2
244 PN \ / = 422
% ¥4 ¥ Hi— S 3t 1) I 400
How to do SVM? 03e 023 ot A, H Y “TTh 401
Comp|exity? 014 053 h8d Th “TH 403
Speed?
DB-217
-'_“hk: d . d .
< Coordinates and Transformation
CPES

* Transform Ve /Vye

from dq to abc:

» Choose line-to-line coordinates: ab, bc and ca

1
Vdc

3

27 . 2
cos(@0+—) —sin(@+—
0+ —sin@+7)

cosé
2| cos(0 -

2z

—sin¢92
;) —sin(@—?ﬂ) |:Vd ref:|

Vq ref
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P

'w_
CPES

Identify the Vectors and
Calculate their Duty Cycles

and ceiling of the
projections:

* Calculate the floor fy, <dg, <cyp,

fbc < dbc < Che »

fca < dca < Cca

o If fo+ oo+ foa =—1 then di
falls in a triangle as follows:

fabv Chc: fca

(doe — i)

bc

Cap: fbc' fca
(dab - fab)

fabv fbcvcca
(dca - fca)

o If fop + foo + fea = —2 then d
falls in a triangle as follows:

-2,0,2

fab’ Cocr Cea Cab: Coc» fca
(Cap —dgp) ‘W (Cca —dca)
Cab> fbcvcca
(Cbc - dbc)

DB-219

P

CPES

An Example

(Tr)ef with a length of 1.7 and an angle of 45° from ab axis

1. The projections are
dy, =1.202 dp, =0.440 dg, =-1.642

12 2. The floors and ceilings are
— fab =1 fbc =0 fca =-2
7 Cret Cap =2 Cpe =1 Cea =1
2,0,-2
3.Since fy, + fye + fea =—1, the nearest
- three vectors and their duty cycles are:
ab 20,2 dyg_p=dy,— fy, =0.202
11,-2 dy o =dpe — fpe =0.440
1,0,-1 g1 =0cq — fcqa =0.358
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¢ Capacitor Balancing Problem in Three-Level
CPES  Neutral-Point (NP) Clamped Converter

V=V Ampitud 72 V
ab— Vdc mpituae= “Vde
Vo= Ve Phase

Y

0

Coc

L
T

-

Vbc

Large vectors do not affect NP balance

ca

DB-221

g

S Medium vectors affect the charge balance in the
CPES neutral point causing the low frequency ripple

O Pno
S | Vo= Ve Ampitude =V,
Coc | aL_ 2 Vo= - Vgo/2
ISI Iyp S, iy V,=-V,/2 Phase =-30°
S _IQ Vbc
CDCT —= f
.

Inp = 1c

Full load current is connected to NP o
for the duration of the medium vector V., Vo= Vae/2 Vo= Ve - Vab
duty cycle
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i Small vectors also affect the capacitor charge
balance and their effect can be controlled

_ 1
S, . & Vabf (\)/dclz Ampitude = ﬁ'Vdc

SC]'lCL Vbc_
_ V= -Vy/2 Phase = 0°

Small vectors come in pairs

Freedom to select either vector
in a pair helps balance NP

DB-223

==

<> Modified SVM algorithm can effectively compensate
CPES the voltage ripple in the neutral point

Compute the location of voltage space vectors in every switching cycle

= 2 ; - 2r

— J i2 —
V_E(Vab-i_vbc'ey +V.€ 7) Y= 3
« Based on the commanded balancing effort, virtual small vector
« can be computed (need to use both vectors every cycle)

Vvso =C-Vso+(1-€)-V so CG[O,l]

Determine the sector location of the current Vgge

Compute the duty cycles

- - = —
Vso Vso VSO Vi
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Neutral point can be balanced in every switching
CPES cycle only in the part of the operating region

1

E | . .
Y oglb---- R SRERELIEES R
(D) . .
i=] . .
.E 0.8 .............. .....
c X X
2 : :
E 07 ..........
3
o 06
S

0.5

=100 4] 100

¢ power factor angle (deg)

Ripple free area

DB-225

<= Finding the normalized charge ripple for all operating
CPES conditions helps design dc-link capacitors

MNP control MNaMP control

2 Ve
Cie T 1 Vios

<)

% 1 NP e

5 |~

5

% Cdc * V"eg
S

mod index . angle
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o As expected, the effect of NP charge control
CPES diminishes for the decreasing power factor angle
m=0.9
ukF

System Parameters 14000+
+1800V DC t_)us 120004
* 1% NP ripple 100001
* 200 A Peak current

8000+

6000+

4000+
- With NP control

2000+
- Without NP control 0L

1 0.8 0 COS(d))
K- Imax i i
2-C.,.=——max K - normalized amplitude of
bC AU NP charge
DC _max
DB-227

S Balancing of clamping capacitor for flying capacitor
CPES converter is load-independent
Vo= Vor/2
2 P2
ical | Sal ical : Sal
—_ ~_
v Cac Cdc: S Q Ven % Cac| C i Saz a

« The inner capacitor handles only switching frequency ripple current
* There is no clamping diode reverse recovery problem
The modulation and higher level control remains the same

* Flying capacitor converters with any number of levels can be balanced.
Diode-clamped converters with number of levels above three CANNOT!
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6. More Complex Converters
* Three-phase four-wire (four-phase) converter
* Multilevel converters

e Parallel converters

c%:—s Outline
1. Introduction
2. Switching Modeling and PWM
3. Average Modeling
4. Small-Signal Modeling
5. Closed-Loop Control Design

DB-229

b Motivation

ACIDC DC Distribution Bus

It .

DC/AC

===
b 01 [ Parallelability

A Distributed Power System » Modular design

* No limit for current level
» Maintainability
* Availability

* Improved performance

* N+1 redundancy (reliability)

* Reduced cost, size and weight
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P

Possible Solutions

Tﬁ'
CPES
4% A » Separate power supplies
Somy E%% L « Transformer isolation
#1 —m 45} 4%} T * Inter-phase reactors
* Six-leg converter

BN

—m
gSW‘Tr Eg_rm A Transformer
=i
A0F 0% B KT

L

1§
B
Sd®

L ] Inter-Phase
) T Reactors
A Six-Leg Converter
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P

:ﬁ'
CPES
Challenges

Issues — Modeling

lar 3L Sekila
<>

* High-order system N + -
- Coupling \V2 \/'ddlvm dotlar  datlgr I_Jl Ve

Lt a)dl TCi1

7

|q1

dqlVdc
Converter #1

Existing results

laz 3L. Swlzle2

dazlaz  dg2lg2

. iy <> R
« High-order multi-input- & —
multi-output modeling? doaVee lac2
* Reduced order modeling? N = C
* |q2
Vq
IMatakas, 1993 - deVee | Converter #2 1

2Mao, 1994
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N

* Load sharing
* Voltage regulation
* Modular design

Existing results

» Master/Slave!
 Droop?

1Siri, 1992
2Jamerson, 1994

4‘ Converter #2

w‘ _ -
. Issues — Load Sharing
Challenge Input Output

*4‘ Converter #1

Control #1
Control #2

Load-sharing

control

t

Master/Slave

Input

Converter #1

Control #1

|

Output

Good

Load ——
Sharing

Control #2

i

Good

Voltage Regulation

p

—

N N& _____ Poor

Ky } Load
gt - )
AR N Sharing

\ N
\ AN
‘ N

Converter #2

Droop

[
Poor Voltage Regulation
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P o Y

CPES

Issues — Zero-Sequence Current

source
/load

load/
source

source|
/load

a‘{}*ﬁ}*ﬁ}*ﬁ}m load/

source|

/load a

e e e
%} K’} K’} : load/
I 0 source

4K 4
a

b
K4

source
lo
-
JE 4 4K %A
|
b nm— |
CL npm—r-
JE+ K% A
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DB-235

P
=

cres An Averaged Three-Phase Converter Model

converter model
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<

CPES

Extraction of Zero-Sequence Components

Where: d; =d, _d%

A zero-sequence component = the sum of all phases components
eg.ly=1,+1,+1,

Define: d, =d, +d, +d,

= @%@, -4+, -4 )=0

—> d,+d, +d =0

d=d,-%4  d=d,-%%

DB-237

o~

CPES

The Model with Zero-Sequence Components

d,-(I,+1,+1.)/3

* For a single converter, there is a zero-sequence voltage
but no zero-sequence current because |, +1,+1,=0
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CF,ES Zero-Sequence Current in Parallel Converters

| 1

dzZ '(|a2+ Ib2+ Ic2)/3

Id(il
—>

M d

c 'Icz

o

dm Im dcl : Icl

dzl'(|a1+ Ibl+ Icl)/3

DB-239

o An Averaged Model of Zero-Sequence

= .
CPES Dynamic
In AC side, there are three-loops forming three equations:

le V/+dal dc 1dI ’ = ZZ V/+da2 dc Zdla2 _RZ'IaZ

d,, -V, dl, -V, dl
e +db1 Ve — Ly dt Ry 1y = dzo Ve +db2 w— L, dtZ_Rz'Ibz

d.. -V . dl, d., -V , dl,
. dc3+dc1'vdc_L1d_tl_R1'|c1: 22 dC3"'dc2'vdc_|-2 dtz_Rz'Icz

JF
> V, -, -d,,)= <L+L) 4R, +R,) 1y

L, +L, R, +R,
YN

Equivalent circuit
I0
Vdc '(dzl _dzz)

DB-240

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
Tutorial at PECon 2008, Johor Bahru, Malaysia, 30 November 2008



~~

. Zero-Sequence Duty Cycle
For example:
Cdy A dy dy T
npn ppn 1‘_4*:771:‘_2_’3717#4*1

2
T

nnp pnp nnn - pnn - ppn ppp ppn pnn  nnn

d,=d,+d,+d,=(d; +d, +0.5d,) +(d, +0.5d,) + 0.5d,
=d, +2d,+1.5d,

DB-241

. A New Zero-Sequence Control Variable k

k=d,, ie.the duration of zero-vector ppp

1-Kyd, d d, Cdy dy (1-K)d, |

T2 ziap kK =i

Sc ‘ P P i

nnn - pnn  ppn ppp ppn pnn  nnn
Therefore:
d,=d,+d,+d,=(d;+d, +kd,)+(d, +kd,)+kd,
=d,+2d, +3kd,
 kis not definable in minimum loss
SVM schemes
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~ A New Zero-Sequence Model

CEJ’ES with the New Control Variable k
d,—-d,,=d, +2d,+3k,d,—(d, +2d, +3k,d,)
= 3(k,-05)do where K, is set to 0.5
L+L, R +R, L,+L, R +R,
N YN
I0 I0
Vdc'(dzl_dzz) I:> 3Vdc‘(k1_o-5)do

* lo can be controlled by controlling ki dynamically

* High control bandwidth can be achieved because
itis afirst-order system

DB-243

b Implementation

ldc2 Vdc

MLERLER
a.
My
gZ’L“ 22 Vb2
il (7727} Ve
Source 45}45}4%} Lgad

idc1

A/
) 4g§4g§4%§
i1

A Vbl Vel
Halv | L
4 4%}4
jo| L
e Slap San Yop Ybn Scp Yen
0+ Kdo * This part is added onto
Bk, msp a regular controller for a
—J s single converter.
I s R
Scp
¥ t
da dq
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& Simulation Results
CPES
5A/div "] savdiv
io1 P
M"‘}MM%.}, : w‘w‘“w IQ} ’/IOZ
iy A
102
| 'sadiv = e
Iil la a2
’\. Jf -’f:‘» : A \: \ ‘\'._ A {
l‘l‘l Ia‘z "‘-I .-'f | | -I'\l / 'i / "11 Jrr "l. fl .~I {
‘\ " \ .'\, \/ iV v \/
Without Zero-séquence control With Zero-gequence control
(Two converters with different switching frequencies operate independently)
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o S Clock Phase Shifting
CPES Common-Mode Voltage Reduction
‘ : + Ve / 2
§ : : Sa1l — Ve /2

L— Sb1

= Su

I +Vael 2
Jm P BT

|
J |

Common-mode voltage
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o Clock Phase Shifting
CPES Differential-Mode Ripple Reduction

[A) 2 M=)
100, M

| 20A/div .

B0

0.0+

(&)
=
=

T T T T T T T T T T T T
LT DEE 04 0ONE B0NE DME DNE 0mE4 056 0@ ;3 0 nmsd
ey
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