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Three-Phase Diode Rectifier
with Capacitive Load

Per phase load current
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Boost Rectifier Buck Inverter 
Voltage Source Inverter (VSI)

Buck Rectifier Boost Inverter
Current Source Inverter (CSI)

Three-Phase Pulse Width Modulated (PWM) 
Converters
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Three-Phase Applications

Power Factor Correction

Adjustable input displacement factor
Regulated dc bus voltage

Three-phase 
PWM

Rectifier

Input
Filter

DC Loads
or other 

Converters
Filter DC

Bus

AC Motor Drives

VSI with uncontrolled rectifier or CSI with SCR rectifier
First and still the most common application
Regulated output ac voltage or current (amplitude and frequency)

Rectifier FilterInput
Filter

AC
Motor

Three-phase 
PWM

Inverter

Usually only unidirectional power flow
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Three-Phase Applications

Uninterruptible Power Supply (UPS) – Parallel

Energy 
Storage 
(Battery)

Three-phase 
AC Load

Three-phase 
PWM

Inverter

Three-phase 
AC Load

Three-phase 
PWM

Converter

Three-phase 
PWM

Rectifier

Energy 
Storage 
(Battery)

Uninterruptible Power Supply – Series

• High efficiency
• Power interruption
• No power quality 

improvement to source or grid

• Lower efficiency
• No power interruption
• Improvement source power quality
• Input power quality improvement
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Three-Phase Applications

AC-AC Power Conversion

Cascade connection of Boost rectifier and VSI or Buck rectifier and CSI
Adjustable displacement factor at input and output
Bidirectional power flow
Utility applications (e.g. UPFC) 

Three-phase 
PWM

Rectifier

Input
Filter

Three-phase 
AC Load

Three-phase 
PWM

Inverter

Output
Filter

Active Filters

Three-phase 
PWM

Converter

Three-phase 
Nonlinear

or Reactive 
Load

• Power factor control
• Reduced current distortion
• Improved damping
• Utility applications            

(e.g. STATCOM) 
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source Input 
Filter

Controller

Switching
network

Output 
Filter Load

Feedforward Feedback

• Switching network is discontinuous and nonlinear

?

Generalized Structure of A Power Converter
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Three-phase PWM converters below 100 kW operate with relatively 
high switching frequency (20 kHz - 100 kHz)

Elimination of audible noise
Reduction of the size of reactive components
Significant improvement in waveform quality and closed-loop 
perfomance 

Motivation

Only systems with switching frequency much higher 
than the line frequency will be studied!

1. MODELING 

2. CONTROL DESIGN
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Modulator

Current
Control

Output
Control

Three-phase
PWM

Converter

Current
Feedback

Output
Feedback

Small-signal modeling of
Three-phase PWM converters
Three-phase modulator
Current controllers

Modeling
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Control design of
Current control
Outer control loops

Modulator

Current
Control

Output
Control

Three-phase
PWM

Converter

Current
Feedback

Output
Feedback

Control Design
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Steps in Modeling of Three-Phase
PWM Converters

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

2. Average model in stationary coordinates
– Time-continuous
– Time-varying
– Non-linear

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

4. Small-signal model
– Time-continuous
– Time-invariant
– Linear
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Focus

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

• 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

mm ωω <<
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Outline

1. Introduction
• Vector representation of three-phase variables

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

6. More Complex Converters
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Y-connection Δ-connection

3-phase 4-wire

Three-Phase Circuits - Source
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Y-connection Δ-connection

3-phase 4-wire

Three-Phase Circuits - Load
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Y-connection Δ-connection

Three-Phase Variables

0≡++ cba iii

0≡++ cabcab vvv

0≠++ cnbnan vvv
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cbbc vvv −=

acca vvv −=
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cabcc iii −=
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Euclid vector representations
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Vector Representations of 
Three-Phase Variables
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Vector Multiplication and
Norms in Euclidean Spaces

• Inner product:

• Vector norm (length):

θcos, ⋅⋅>=< wvwv rrrr
• “Dot” product:

θsin|||| ⋅⋅=× wvwv rrrr
• “Cross” product:

• Norm of a matrix:
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• Multiplication of a vector with 
any nonsingular matrix, T, of 
the same order:

abcxyz vv rr
⋅= T
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Change of Coordinates

is equivalent to the representation 
of the same vector in a different 
coordinate system (xyz), whose 
unit vectors have the following 
coordinates in the original 
coordinate system (abc): 
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0≡++ cba iii 0≡++ cabcab vvv

This defines a 2-dimensional subspace χ , perpendicular to the vector
in abc-space.

αβγ -space is traditionally 
defined by:
• α -axis is chosen as 

projection of the a-axis 
onto χ ,

• γ -axis is co-linear with 
vector 

• β - axis is defined by 
right-hand rule.
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Change of Coordinates  ( abc to αβγ )
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Example: State-Space Equations

are sinusoidal in steady-state!  Find a coordinate transformation:vr i
r

and

, ,

in steady state, and
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where per-phase impedance, Z , at the source frequency, ω , is defined as:

Example: State-Space Equations – Solution
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A rotating vector in αβγ space can be a constant vector in a rotating space
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Where ω is the rotating speed

Transformation Matrix        . αβ/dqT
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Transformation Matrix           .αβγ/0dqT

Preserve the same third axis, that is 0-axis is the same as γ-axis
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It can be easily proved that:

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

Power Definition in 
Three-Phase Circuits
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b
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R
L

av

bvcv
R R

L L
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R
Lω

φ arctan=where:

Example:
Power in Sinusoidal Steady State
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Example:
Power in Sinusoidal Steady State

φφ cos
2
3cos|||||||||||| amam IVivivP =⋅=⋅=

rrrr

φφ sin
2
3sin|||||||||||| amam IVivivQ =⋅=×=

rrrr

R
L

av

bvcv
R R

L L

ai

bi

ci

DB-44

)cos( φω += tVv ama
φφ j

amama eVV ⋅=∠=V

ref

amV

φ

Phasors are defined ONLY for sinusoidal steady state!

aV

Phasor Representation

• Vector representation is NOT phasor representation!
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[ ] [ ])sin(j)cos(ReRe)cos( φωφωφω φ +++=⋅=+= tVtVeVtVv mm
j

mma

φφ j
rms

m
a eVV

⋅=∠=
2

V

Phasors are defined ONLY for sinusoidal steady state!

ref

rmsV

φ

aV

Phasors are very useful for the analysis of linear systems 
without transients, which are excited by constant single 
frequency (ω )  sinusoidal generators.

( )tj
ama etVv ωφω ⋅⋅=+= VRe2)cos(

Phasor Representation

DB-46

Outline

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

PECon
2008
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• Boost Rectifier
where Vm is the peak
value of the line-to-line
input voltage  

mdc VV >

dcv

CAv ABv
BCv

L
aps bps cps

ans bns cns

C R

p

n

av
bv

cv

• Voltage Source Inverter
(VSI)

mdc VV > Load

aps bps cps

ans bns cns

L

C

p

n

dcv
CAvBCv

ABv
av

bv
cv

Boost Rectifier / Voltage Source Inverter

vdc

Vm

VSI / BOOST RECTIFIER
DC VOLTAGE RANGE

t
|vab| |vbc| |vca|

DB-48

Switching function:

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

0, i = 0, if switch s is open

• Voltage source or capacitor cannot be shorted
• Current source or inductor cannot be open

Switching constraints:

s

i
v

v

i
v

i

Current bi-directional two-quadrant switch

Method of Modeling Switching Network

Dushan Boroyevich: Modeling and Control of Three-Phase PWM Converters
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• Three-Switch (Single-Pole-Double-Throw)

Boost Rectifier
Voltage Source Inverter

Allowed switching combinations:

;1=+ inip ss },,{ cbai ∈

p

n

aps bps cps

ans bns cns

av
bv

cv

• Define Voltage-Unidirectional 
Single-Pole-Double-Throw 
Switch and switching function

;1 inipi sss −== },,{ cbai ∈

p

n

av

bv

cv

as

bs

cs

0
0

0

1
1

1

ai

bi

ci

dci

dcv

DC-Voltage-Unidirectional
Three-Phase Switching Network

DB-50

Find the relationships:

av

bv

av

bv

av

bv

av

bv

0=aps 0=bps 0=aps 1=bps

1=aps 0=bps 1=aps 1=bps

),( dcababab vsfv = ),( dcbcbcbc vsfv = ),( dccacaca vsfv =

),,,( cbaijidc iiisfi =

dcv dcv

dcv dcv

0=abv dcab vv −=

dcab vv = 0=abv

dcab

dcbpap

baab

vs

vss
vvv

=

−=
−=

)(

bbpaapdc isisi +=

dci dci

dci dci

ai

bi

ai

bi

ai

bi

ai

bi

Development of Switching Model
(Boost rectifier / Voltage source inverter)
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Define phase-leg switching function

aps bps cps

ans bns cns

av
bv

cv

ai

bi

ci

dci

dcv

;1 inipi sss −== },,{ cbai ∈

sa sb sc sa-sb sb-sc sc-sa idc vab vbc vca
0 0 0 0 0 0 0 0 0 0
0 0 1 0 -1 1 ic 0 -vdc vdc
0 1 0 -1 1 0 ib -vdc vdc 0
0 1 1 -1 0 1 ib+ic -vdc 0 vdc
1 0 0 1 0 -1 ia vdc 0 -vdc
1 0 1 1 -1 0 ia+ic vdc -vdc 0
1 1 0 0 1 -1 ia+ib 0 vdc -vdc
1 1 1 0 0 0 ia+ib+ic 0 0 0

Development of Switching Model
(Boost rectifier / Voltage source inverter)

DB-52

Development of Switching Model
(Boost rectifier / Voltage source inverter)

Instantaneous voltage equation Instantaneous current equation

dc

ca

bc

ab

dc

ac

cb

ba

ca

bc

ab
v

s
s
s

v
ss
ss
ss

v
v
v

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−
−
−

=
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
[ ]

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⋅=

c

b

a

cbadc
i
i
i

sssi

Note that: baab sss −= baab vvv −=

p

n

av

bv

cv

as

bs

cs

0
0

0

1
1

1

ai

bi

ci

dci

dcv

……
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Relationship Between Line-to-Line Current 
and Phase Current

caaba iii −=

abbcb iii −=

abbccaababbccaabba iiiiiiiiii 3)(2)( =+−=−−−=−

)(
3
1

baab iii −= Similarly )(
3
1

cbbc iii −= )(
3
1

acca iii −=

Assume 0=++ cabcab iii

ai

bi

ci

abi

bci
cai

[ ]
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⋅=−+−+−=

−+−+−=++=

ca

bc

ab

cabcabaccacbbcbaab

bccacabbcbcaabaccbbaadc

i
i
i

sssssississi

iisiisiisisisisi

)()()(

)()()(

bccac iii −=
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⎥
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⎥

⎦
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⎥
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⎢
⎢
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⎥
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⎢
⎢
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⎡

−
−
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=
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
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cb

ba
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⎥
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⎢
⎢
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⎡

−
−
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=
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⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=−

ac

cb

ba

ca

bc

ab

ll

ii
ii
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i
i
i

i
3
1r

p

n

av

bv

cv

as

bs

cs

0
0

0

1
1

1

ai

bi

ci

dci

dcv
dcllll vsv ⋅= −−

rr

ll
T

lldc isi −− ⋅=
rr

where:

Boost Rectifier / Voltage Source Inverter 
Switching Model

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



28

DB-55

Outline

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

PECon
2008
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Switching States for
Boost Rectifier / Voltage Source Inverter

idc vab

Vdc

sa scsb
0

1

0
0

0
0

0 0
0

0 0
0

0

1
1

1
1 1

1

1

1

11
1

ic
ib

ib+ic

0

ia
ia+ic
ia+ib

ia+ib+ic

Switching state

pnn

ppn

npn
npp

nnp

pnp

ppp

nnn
vcavbc

Vdc

Vdc

Vdc

Vdc

Vdc

-Vdc

-Vdc

-Vdc

-Vdc

-Vdc

-Vdc

0
0

0
0
0

0

000
0

00

p

n

av

bv

cv

as

bs

cs

0
0

0

1
1

1

ai

bi

ci

dci

dcV
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Vector Space of Line-to-Line Variables

a

c

b

ab bc

ca

α

β

ab

bc

ca

[1 1 1]T

χ
χ

• Phase variables (a, b and c) produce
line-to-line variables (ab, bc and ca) in plane-χ

• Line-to-line variables (ab, bc and ca) do not have
γ-component in αβγ-coordinate system
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Line-to-Line Voltage Space Vector

where
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⋅=⎥

⎦

⎤
⎢
⎣

⎡

ca

bc

ab

abc

v
v
v

T
v
v

/αβ
β

α

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

−

−−
⋅=

2
3

2
30

2
1

2
11

3
2

/ abcTαβ

ab
α

βbc

ca

ρ

vα

vβ

θ

• Space vector
θ⋅ρ= jevr

22 vv βα +=ρ

⎟
⎠

⎞
⎜
⎝

⎛
=θ

α

β−

v
v1tan

If Vm is the amplitude of balanced, 
symmetrical, three-phase line-to-line

voltages, then mV
2
3

⋅=ρ

vr
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Switching State Vector [pnn]

⎥
⎥
⎥
⎥

⎦
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V
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v
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2
1
2
3

0

2
3

2
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2
1

2
11
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2

/αβ
β
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θ⋅ρ== j
1pnn eVV
rr

dcV2 ⋅=ρ

°=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=θ

α

β− 30
v
v1tan

ab, α

β
bc

ca

ρ

vα

vβ

θ

1V
r
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Switching State Vector [ppn]

⎥
⎦

⎤
⎢
⎣

⎡
⋅
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⎥
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⎦
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/αβ
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θ⋅ρ== j
2ppn eVV
rr

dcV2 ⋅=ρ
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⎝
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θ
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Switching State Vector [ppp]

⎥
⎦
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Switching State Vectors

dcV2 ⋅

Sector I

IV

III

II

V

VI

at center point

30

150

90

-90

-150

0

-30

00

ρ θ (°)

ab, α

bc

ca

β

][ pnnV1

r

][ ppnV2

r

][npnV3

r

][nppV4

r

][nnpV5

r

][ pnpV6

r

][ pppV0

r

][nnnV0

r

][ pnnV1

r

][ ppnV2

r

][npnV3

r

][nppV4

r

][nnpV5

r

][ pnpV6

r

][][ nnnpppV0 ==
r
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Reference Voltage Vector, Vref

ab, α

bc

ca

β

θ
vα

vβ
θ

β

α ⋅ρ=⎥
⎦

⎤
⎢
⎣

⎡
= j
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ref e
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V
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m
22 V

2
3vv ⋅=+=ρ βα
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v1 ω=⎟

⎠

⎞
⎜
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⎛
=θ

α

β−tan

where

In general,
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⎥
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mref etV
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3tV θ⋅⋅=

r

ρ ][ pnnV1

r

][ pnpV6
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][ ppnV2

r

][npnV3

r

][nppV4

r

][nnpV5

r

at center point][][ nnnpppV0 ==
r
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S
i

i
i

T

0
i

T

0
ref TTdtVdtV

iS

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= ∑∑ ∫∫ ,

rr

Vref (α)

V1(α) V2(α)

T1 T2 T0
TS

t

Total area of =   Area of

∫ ∫∫∫
+

+

++=
21

1

S

21

1S TT

T

T

TT
02

T

0
1

T

0
ref dtVdtVdtVdtV

rrrrFor example

vα

Definition of High Frequency Synthesis
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Step 1 : Choose desired switching state vectors to synthesize  

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

Step 3 : Make the sequence of chosen switching state vectors 

refV
r

Space Vector Modulation
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Switching State Vectors

ab, α

bc

ca

β

θ

vα

vβ ρ ][ pnnV1

r

][ pnpV6

r

][ ppnV2

r

][npnV3

r

][nppV4

r

][nnpV5

r

][][ nnnpppV0 ==
r
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r

ia
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vb
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sb

sc

p

n

Vdc

idc
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b
c

1

0 1

0 1

0

I

IV

III

II

V

VI

φ

ρ

2V
r

0V
r

1V
r

11 Vd
r

⋅

22 Vd
r

⋅ refV
r
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ab, α

bc

ca

β

Sector I

location Chosen vectors

Sector II

Sector VI

Sector III

Sector IV

Sector V
V

VI

I

III

II

IV

• Minimize the number of switching

• Minimize the harmonic distortion

Choose minimum number
of switching state vectors

adjacent to       .refV
r

65 VandV
rr

21 VandV
rr

16 VandV
rr

32 VandV
rr

43 VandV
rr

54 VandV
rr

0Vand
r

refV
r

][ pnnV1

r

][ pnpV6

r

][npnV3

r

][nppV4

r

][ ppnV2

r

][nnpV5

r

at center point][][ nnnpppV0 ==
r

refV
r

Step 1 : Choice of Switching State Vectors
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∫ ∫∫∫
+

+

++=
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0
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)sin( φ−°⋅
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⋅== 60
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2d
T
T

1
1

S

1

φ⋅
ρ

⋅== sin
2

2
S

2

V3
2d

T
T

210 dd1d −−=
φ

From HF synthesis definition, 

Assume        is constant in TS , 

where °−θ=φ 30

ρ

refV
r

2V
r

0V
r

1V
r

11 Vd
r

⋅

22 Vd
r

⋅ refV
r

Step 2 : Duty Ratio of Switching State Vectors 
at Sector I

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



35

DB-69

)sin( φ−°⋅
ρ

⋅== 60
V3

2d
T
T

N
N

S

N

φ⋅
ρ

⋅==
+

+
+ sin

1N
1N

S

1N

V3
2d

T
T

1NN0 dd1d +−−=

Other sectors have the same results of duty ratio. 

where ( ) °−°⋅−−θ=φ 30601N
N : sector number ( 1 ~ 6 )

ρ

φ

1NV +

r

1N1N Vd ++ ⋅
r

0V
r

NV
r

NN Vd
r

⋅

refV
r

Duty Ratio of Switching State Vectors
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)sin( φ−°⋅= 60
V
Vd

dc

m
N

φ⋅=+ sin
dc

m
1N V

Vd

1NN0 dd1d +−−=

Define the modulation index 

For all the switching state vectors, dcN V2V ⋅=

dc

m

V
VM =

)sin( φ−°⋅= 60MdN

φ⋅=+ sinMd 1N

1NN0 dd1d +−−=

and mV
2
3

⋅=ρ

Modulation Index
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ab, α

bc

ca

βAssume d0 = 0,  then dN + dN+1 = 1

The trajectory of        makes
a hexagon.

( )
( )

( )

1

30
V
V

30M
60Mdd

dc

m

1NN

=

φ−°⋅=

φ−°⋅=
φ+φ−°⋅=+ +

cos

cos
sin)sin(

( )φ−°
=∴

30
VV dc

m cos

refV
r

][ pnnV1

r

][ pnpV6

r

][ ppnV2

r

][npnV3

r

][nppV4

r

][nnpV5

r

at center point][][ nnnpppV0 ==
r

refV
r

Maximum Amplitude of Vref

DB-72

Maximum Amplitude of Vref

ab, α

bc

ca

β
Assume M = 1,  then

The trajectory of makes

a circle whose radius is

1
V
V

dc

m =

dcm VV =∴

dcV⋅
2
3

This trajectory of represents
the largest 3-phase sinusoidal
voltage that can be synthesized.

θ⋅⋅= j
dcref eV

2
3V

r ][ pnnV1

r

][ pnpV6

r

][ ppnV2

r

][npnV3

r

][nppV4

r

][nnpV5

r

at center point][][ nnnpppV0 ==
r

refV
r

refV
r

refV
r
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Step 3 : Sequence of Switching State Vectors 

TS

Sa

Sc

Sb

V1 V2 V0

T2T1 T0

Sa

Sc

Sb

V1 V2

T0

V2

T1
2

T2
2

T1
2

T2
2

V1V0

TS

Asymmetrical
sequence

Symmetrical
sequence

3-phase
commutation

2-phase
commutation

Feedback

Feed forward

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
== ∑ ∫∫

=1i

T

0
i

T

0
ref

iS

dtVdtV
rr

DB-74

TS

T2T1

Sa

Sc

Sb

T0 /2 T0 /2

TS

T2T1T0 /2 T0 /2

V0 V0V1 V2 V0 V1 V2 V0

• Use both zero switching state vectors

• Asymmetrical sequence

• Six commutations per switching cycle

< Example in sector I >

• 3Φ-LA has same characteristics

Sequence of SSVs – SVM 1
(Three-Phase – Right Aligned: 3Φ-RA)
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TS

Sa

Sc

Sb

TS

V0 V1 V2 V0

• Use both zero switching state vectors

• Symmetrical sequence

• Six commutations per switching cycle

Low THD

V1V2

< Example in sector I >

T0
4

T1
2

T2
2

T0
2

T2
2

T1
2

T0
4

T0
4

T1
2

T2
2

T0
2

T2
2

T1
2

T0
4

V0 V0V1 V2 V0 V1V2

Sequence of SSVs – SVM 2
(Three-Phase – Centered: 3Φ-C)

DB-76

TS

T2T1

Sa

Sc

Sb

T0

V1 V2 V0 [ppp]

• Use zero vectors alternatively in adjacent switching cycle

• Asymmetrical sequence in TS , but symmetrical in 2·TS

• Three commutations

< Example in sector I >

50 % switching loss reduction

V1V2 V0 [nnn]

TS

T1T2 T0

• Introduction of harmonics around 
ST2

1
⋅

Sequence of SSVs – SVM 3
(Three-Phase – Double-Period: 3Φ-2T)
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• Use a zero vector in one switching cycle

• Asymmetrical sequence

< Example in sector I >

Reduced switching losses

TS

Sa

Sc

Sb

V1 V2 V0[ppp]

TS

• Four commutations

Sector I, III, V : [ppp]
Sector II, IV, VI : [nnn]

T2T1 T0 T2T1 T0

V1 V2 V0[ppp]

• 2Φ-LA has same characteristics

Sequence of SSVs – SVM 4
(Two-Phase – Right Aligned: 2Φ-RA)

DB-78

• Use a zero vector in one switching cycle

• Symmetrical sequence

< Example in sector I >

Reduced switching losses

TS

Sa

Sc

Sb

V1 V2 [ppp]

• Four commutations

Sector I, III, V : [ppp]
Sector II, IV, VI : [nnn]

T0

V1

Low THD

V2

T1
2

T2
2

T1
2

T2
2

TS

T0
T1
2

T2
2

T1
2

T2
2

V2 [ppp]V1 V2

Sequence of SSVs – SVM 5
(Two-Phase – Centered: 2Φ-C)
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• Possible sequences: 2Φ-RA-mL, 2Φ-LA-mL, or 2Φ-C-mL

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

• Choose a zero switching state vector to avoid switching the phase 
with the highest instantaneous current

|ia| > |ic| ?
No

Yes
V0 = [ppp]

V0 = [nnn]

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

Sequence of SSVs – SVM 6 
(Minimum-Loss SVM)

(Two-Phase – Right Aligned – minimum Loss: 2Φ-RA-mL)

DB-80

Sector Ivab

vbc

vca

va

vc

vb
ia

ic

ib

nnnppp nnn

δ

vab

vbc

vca

va

vc

vb

ia

ic

ib

δ

ppp

• Switching loss reduction = 50%
°≤ 30δ °> 30δ

• Switching loss reduction < 50%
• •

(pnn, ppn)

Sector I

(pnn, ppn)

Line
Voltages

Phase
Voltages

Phase
Currents

Example of 2Φ- x -mL SVM in Sector I
for balanced, symmetrical, sinusoidal, steady-state case
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THD of line-to-line voltage THD of phase current
with L + VABC load/source

With the Fourier series                        ,
1

2n

2
n

V

V
THD

∑
∞

==∑
∞

=

ω⋅=
1n

tjn
n eVV

Modulation index, M Modulation index, M
0                                                               1 0                                                               1

3Φ

3Φ-C

2Φ     

3Φ or 2Φ
3Φ-2T

3Φ-C

RA or LA 3Φ-2T

RA or LA

Calculated and switching-model simulation results for                       .lineS ff ⋅>100

Comparison:
Total Harmonic Distortion (THD)

DB-82

For RA or LA modulations:

Relative peak-to-peak current ripple

where TP = TS ,   except
TP = 2TS , for 3Φ-2T.

( ) S
dc

pp TMM
L

VI ⋅⋅−⋅
⋅

⋅
= 1

3
2

Modulation index, M
0                                                               1

For centered modulations:

( ) P
dc

pp TMM
L

VI ⋅⋅−⋅
⋅

= 1
3

2Φ or 3Φ-C

2Φ or 3Φ
RA or LA

or
3Φ-2T

M : modulation index
L : load inductance

Comparison:
Peak-to-Peak Current Ripple
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• Number of commutations
per switching cycle:

3Φ-x : 6

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

3Φ-2T : 3
2Φ-x : 4

SVM2

SVM1,3,5
3Φ-x

3Φ-2T

min Loss

2Φ-x
Max Loss

Comparison: Switching Losses

DB-84

Outline

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

PECon
2008
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Pulse Width
Modulation

Feedforward
scheme

Feedback
scheme

Sinusoidal PWM

Third-harmonic injection PWM

Space vector modulations
(SVM1, 2, 3, 4 and 5)

Hysteresis current control

Space vector modulations
(SVM 6)

Pulse Amplitude
Modulation

Modulation Methods

DB-86

Sinusoidal Pulse Width Modulation
(SPWM)

va
vref

vcar

sap

san

2
Vdc

2
Vdc

• Determine the switching state by magnitude of vref and vcar

If |vref| > |vcar|, then sap on,
If |vref| < |vcar|, then san on

• Switching frequency is the same as carrier wave frequency, fc

fsin

fc
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va

2
Vdc

Va(1)

-Va(1) 2
Vdc

va(1) : Fundamental of v a

ref
av

ref
aV

vcar

Vcar

Vcar

t

t

ref
aV−

dc

1a

dc

1a

car

ref
a

V
V2

2
V

V
V
V )()( ⋅

=
⎟
⎠
⎞

⎜
⎝
⎛

=
car

ref
adc

1a V
V

2
VV ⋅=)(

Waveforms of Single-Phase SPWM

DB-88

ref
bvref

av ref
cv

ia

ib

ic

sa

sb

sc

p

n

2
Vdc

2
Vdc

vcvbva

vcar

refV

refV−

Vcar

Vcar

t

Three-Phase SPWM
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ref
bv

ref
av

ref
cv

V1 V1V2 V2V0V0 V0

p
n
n

p
p
n

p
p
p

n
n
n

p
n
n

p
p
n

t

vcar

TS

t

t

t

sa

sb

sc

n
n
n

T0N T0P T0N

Assume               and        are
constant in a switching cycle.

ref
c

ref
b

ref
a vvv ,

Symmetrical (Center-based)
Three-phase commutation

SVM 2

)( car
ref
a

car

S
N0 Vv

V4
TT −⋅
⋅

−=

)(

)(

car
ref
c

car

S

car
ref
c

car

SSP0

Vv
V4
T

Vv
V4
T

2
T

2
T

+⋅
⋅

=

−⋅
⋅

+=

Modulation Example of SPWM in Sector I
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V1 V1V2 V2V0V0 V0

p
n
n

p
p
n

p
p
p

n
n
n

p
n
n

p
p
n

TS

t

t

t

sa

sb

sc

n
n
n

T0N T0P T0N

V1

V2

d1·V1

d2·V2

φ
V0

ρ

)sin( φ−°⋅⋅== 60
V
V2d

T
T

1

m
1

S

1

φ⋅⋅== sin
2

m
2

S

2

V
V2d

T
T

210 dd1d −−=
)cos( φ−°⋅⋅−=

==

30
4

T
V
V

4
T

4
TT

2
T

S

dc

mS

0
N0

P0

refv
r

Modulation Example of SVM2 in Sector I
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10 20 30 40 500

0.05

0.1

0.15

60

T0N
T0P
2

T0N+ T0P
2

0.05

0.1

0.15

φ in sector I ( o )

T
TS

T0N

T0N+ T0P
2

T
TS

10 20 30 40 500 60

φ in sector I ( o )

• In SPWM, assume Vref = Vcar

• In SVM2, assume Vm = Vdc

)cos( φ−°⋅−=

==

30
4

T
4

T
4
TT

2
T

SS

0
N0

P0

0.125

0.067

0.067

)( refref
aref

S
N0 Vv

V4
TT −⋅
⋅

−=

)( refref
cref

SP0 Vv
V4
T

2
T

+⋅
⋅

=

φ⋅= cosrefref
a Vv

( )°+φ⋅= 120Vv refref
c cos

where

Zero Vector Timings in Sector I

DB-92

Maximum AC Voltage of SPWM

dcm V
2
3V ⋅=

By definition: θ⋅⋅= j
m

ref eV
2
3vr

The maximum AC voltage:

The        trajectory in SPWM:refvr θ⋅⋅= j
dc

ref eV
22

3vr

1551

2
V3

V
V
V

dc

dc

SPWMm

SVMm .=
⎟
⎠

⎞
⎜
⎝

⎛ ⋅
=

The maximum AC voltage of SVM: dcm VV =

SVM produces 15.5% higher
maximum output than SPWM !

ab
α

bc

ca

β

][ pnnV1

r

][ pnpV6

r

][ ppnV2

r

][npnV3

r

][nppV4

r

][nnpV5

r

refv
r

at center
][
][0

nnn
pppV

=
=

r
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7850
4

2
V4
2

V

V

V

dc

dc

Square1

SPWM1 .max
)(

max
)(

=π=
⎟
⎠
⎞

⎜
⎝
⎛ ⋅

π

⎟
⎠
⎞

⎜
⎝
⎛

=

2
Vdc

Over modulation region is
non linear with more harmonics

2
V4 dc⋅

π

)(1V
Vcar

t

1 3.24 car

ref

V
V

Over
modulation

Square
wave

switching

• Vref ≤ Vcar : Linear modulation
• Vref > Vcar : Over modulation

Vref

Over Modulation of SPWM

DB-94

ref
1v )(

t

ref
3

ref
1

ref VVV )()( +=

t3VtVv ref
3

ref
1

ref ω⋅+ω⋅= sinsin )()(

ref
3v )(

refv

ref
3V )(

refV

0

ref
1V )(

ref
1V )(−

Third-Harmonic Injection PWM
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The maximum AC voltage
is 15.5 % more than SPWM

1V ref =

⎟
⎠
⎞⎜

⎝
⎛ θ⋅+θ⋅= 3

6
1Vv ref

1
ref sinsin)(In general,

1551

2
3

1V ref
1 .)( =

⎟
⎠
⎞

⎜
⎝
⎛

=

1

ref
1v )(

t

refv

1551V ref
1 .)( =

0

Assume               ,

then

Maximum AC Voltage of 
Third-Harmonic Injection PWM
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( )
)60sin(

sin60sin
22

0
21

0

φ
φφ

+°=
+−°=

+++−=
dddd

V
v

dc

a

1

-1

1

-1

1

-1

4
T0

2
T0

av

TS

bv

cv
( )

)30sin(3

sin60sin
22

0
21

0

°−⋅=

+−°−=

++−−=

φ

φφ

dddd
V
v

dc

b

4
T0

2
T1

2
T1

2
T2

2
T2

a

dc

c

v

dddd
V
v

−=
+°−=

+−−−=

)60sin(
22

0
21

0

φ

Average Values of Phase-to Neutral Voltage 
for SVM 2 (3Φ-C) in Sector I
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( )

)90sin(3

)30sin(3

sin60sin
22

0
21

0

θ

φ

φφ

−°⋅=

−°⋅=

−−°=

+−+−=
dddd

V
v

dc

a

( )

)60sin(
)60sin(

sin60sin
22

0
21

0

°−−=
+°−=

−−°−=

+−−−=

φ
φ

φφ

dddd
V
v

dc

a

• In sector II, • In sector III,

0 120 180 240 300 36060

0

-1

1

θ ( o )

va

Sector I Sector IVSector II Sector III Sector V Sector VI

2
3

Average Values of Phase-to Neutral Voltage 
for SVM 2 (3Φ-C)
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1va =
1

-1

1

-1

1

-1

av

TS

bv

cv
)sin( φ−°⋅−=

⋅−=
++−=

6021
d21

dddv

1

021b

2
T1

2
T1

2
T2

2
T2

)sin(
)(

φ+°⋅−=
+⋅−=
+−−=

6021
dd21
dddv

21

021c

T0

• If ia is the largest current,

• If ic is the largest current,

( )
( ) 1602

1602
dddv 210a

−θ+°⋅=
−φ+°⋅=

++−=

sin
sin

Average Values of Phase-to Neutral 
Voltage for SVM 6 (2Φ-C-mL) in Sector I
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0 120 180 240 300 36060

0

-1

1

θ ( o )

va

Sector I Sector IVSector II Sector III Sector V Sector VI

0

-1

1

va

0 120 180 240 300 36060
θ ( o )

0.6
0.2
-0.2
-0.6

• M = 1

• M = 0.8

Average Values of Phase-to Neutral Voltage 
for SVM 6 (2Φ-C-mL)
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iref

sap

san

2
Vdc

2
Vdc

Load

i

β

• Switching frequency is varying
in one switching cycle.

If , then sap on,

If , then san on

iiref >
β

−
2

iiref <
β

+
2β

iref

i
t

Hysteresis Current Control
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Pros and Cons of 
Hysteresis Current Control

• Simple to implement
• Excellent dynamic performance

• Strong harmonics lower than the switching
frequency (Subharmonics)

• No intercommunication between
the individual hysteresis controllers

Increase the switching frequency
at lower modulation index

• A tendency at lower speed to lock into
limit cycle of high-frequency switching

• Not strictly limit the current error

Pros:

Cons:

in time domain

in frequency domain

DB-102

Outline

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

PECon
2008
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Buck Rectifier / Current Source Inverter
– similar approach but different results –

• CSI

• Buck 
Rectifier

Av

Bv

Cv

aps bps cps

ans bns cns

RC

L

dcv

p

n

av

bv

cv

aps bps cps

ans bns cns

L

C

p

n

dcv

Av Bv Cv
av

bv
cv

R

{ }|})(||,)(||,)(max{|min tvtvtvV cabcabtx
∀

=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=< mxdc VVV

2
3

•

• Unidirectional DC current

• Bi-directional DC voltage

Vx

vdc

t
|vab| |vbc| |vca|

CSI / BUCK RECTIFIER
DC VOLTAGE RANGE

DB-104

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

• Allowed switching combinations:

aps bps cps

ans bns cns

p

n

av
bv

cv

;1=++ ckbkak sss },{ npk ∈

• Topology: 
• Three-phase terminals are 

voltage controlled
• DC port is current controlled
• Six current-unidirectional, 

voltage-bi-directional, 
switches

Av

Bv

Cv

p

n

av
bv

cv

Av

Bv

Cv

dci

dci

DC-Current-Unidirectional
Three-Phase Switching Network
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⎥
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⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

c

b

a

abc

v
v
v

vr

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−
−
−

=
⎥
⎥
⎥

⎦

⎤
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⎢

⎣

⎡
=

cncp

bnbp

anap
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b

a

abc

ss
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ss

s
s
s

sr

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

c

b

a

abc

i
i
i

i
r

dcabcabc isi ⋅=
rr

abc
T
abcpn vsv rr

⋅=

where:

p

n

av
bv

cv

Av

Bv

Cv

dciai

bi

ci

as bs cs

pnv

Buck Rectifier / Current Source Inverter 
Switching Model
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Switching State Vectors

dcI2 ⋅

30

150

90

-90

-150

-30

0

ρ θ (°)

0

][abI1

r

][acI2

r

][bcI3

r

][baI4

r

][caI5

r

][cbI6

r

][aaI0

r

][bbI0

r

][ccI0

r at center point][][][ ccbbaaI0 ===
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Outline

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
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Boost Rectifier Switching Model
State-Space Equations
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Boost Rectifier Switching Model
State-Space Equations
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Applying an average operator to switching model ττ= ∫
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Steady-State Operation 
under Balanced Sinusoidal Excitation
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Outline

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
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• Fourth order system due to degeneration
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• Difficult to define small-signal model. Operating point ?

RC

RC

dcab vd ⋅

dcbc vd ⋅

dcca vd ⋅

abab id ⋅ bcbc id ⋅ caca id ⋅

dcv ABv

BCv

CAv

abi

bci

cai

dci

For:

⇒
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

π+
π−=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

)3/2cos(
)3/2cos(

)cos(

ωtD
ωtD

ωtD

d
d
d

m

m

m

ca

bc

ab

const.=dcV

Steady-State Operation under DC Input and 
Balanced Sinusoidal Duty-Cycles

dcABdcabAB VV

ωCR
RωL

ωCR
R

≤⇒⋅⋅

+
+

+= VDV

j1
3j

j1

and

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



61

DB-121

Outline

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
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State-Space Equations
– Boost Rectifier –
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Equivalent Circuit in dq0 Coordinates
– Boost Rectifier –
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qiLω3

dcd vd ⋅

qi L3

qv
diLω3

dcq vd ⋅

0i L3

0v
dc0 vd ⋅
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The cross-coupling terms,

and ,

in dc coordinates (dq0), 

account for the voltage drops 

across inductances at line 

frequency in ac coordinates, 

qiωL3 diωL3

DB-130

0≡++ CABCAB vvv

0≡++ cabcab iii

0≡++ cabcab ddd

Since

0i L3

0v
dc0 vd ⋅

0≡0v

0≡0i

0≡0d

0-channel can be omitted

0-Channel
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Equivalent Circuit in dq0 Coordinates
– Boost Rectifier –
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State-Space Equations
– Voltage Source Inverter –
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Equivalent Circuit in dq0 Coordinates
– Voltage Source Inverter –

DB-134

Buck Rectifier / CSI dq0 Model
– similar approach but different results –

R

R

Cdcd id ⋅ dv
di

dcq id ⋅ qv
qi

C

qvCω

dvCω

dcd id ⋅dv
di

dcq id ⋅qv
qi

R
C

dd vd ⋅

qq vd ⋅

L

dcvpnv

dci

dd vd ⋅

qq vd ⋅

L

dcv pnv

dci
Current Source Inverter (CSI)

Buck Rectifier

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



68

DB-135

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

PECon
2008
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Linearization

Autonomous dynamic system:

If     is analytic it can be expressed as Taylor series:f
r

Retaining the first 3 terms results in linear approximation of  :f
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But the dynamic system is NOT linear because:
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Linearization
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Average Large-Signal Model
Boost Rectifier
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A steady-state operating point:
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Linearization – Boost Rectifier
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Linearization
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Small-Signal Model – Boost Rectifier
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Small-Signal Model – Boost Rectifier
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Open-Loop Transfer Functions
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Open-Loop Transfer Functions
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Open-Loop Transfer Functions
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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
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Average Large-Signal Model – VSI

A steady-state operating point:
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Linearization – VSI

Linearization
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Small-Signal Circuit Model – VSI
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Small-Signal State-Space Model – VSI
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DB-150

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

PECon
2008
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Natural and Uniform Sampling

+
_

Modulating
signal

Natural Sampling Uniform Sampling

TS

Ton

TS

Ton

Carrier

+
_

0

1

0

1
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Trailing- and Leading-Edge Modulation

+
_

Trailing-Edge Modulation Leading-Edge Modulation

+
_

TS

Ton

TS

Ton

Both are the natural sampling

0

1

0

1
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Review of Modulator Modeling for 
DC-DC Converters

Natural sampling

• Unity gain
• No delay

Uniform sampling

1. Trailing-edge modulation
• Unity gain
• Phase delay at a modulation frequency

2. Leading-edge modulation
• Unity gain
• Phase delay at a modulation frequency

ms ωTD ⋅⋅

( ) ms ωTD ⋅⋅−1

DB-154

Three-Phase Modulator Modeling

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

• Modulators associated with analog controllers

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

• Modulators associated with digital controllers

car
m V

F 1
=

ref
av vcar

Vcar

Vcar

t
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Example – for Boost Rectifier and VSI

Trailing-edge modulation (2Φ-RA)

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

TS

Sa

Sc

Sb

pnn ppn ppp

Sab

Sca

Sbc

msab ωTD ⋅⋅

( ) msca ωTD ⋅⋅−1

Phase delays:

DB-156

Approximate Average Model of Digital 
Modulator

ref
dd dd

ref
qd qd

dsTe−

qsTe−

Digital
Modulator
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actual

Coordinate
Transform.

Inverse
Coordinate
Transform.
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Outline

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

PECon
2008
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Classical Linear Control Design Approach

Power stage
Control1

Control2

Output1

Output2

Compensator

Power stage
Control1

Control2

Output1

Output2

Compensator2

Compensator1

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
• The approach does not guarantee large-signal stability

DB-160

Control Structure: Cascade Control

1. Inner current control
a. Bang-bang current control (and 

PWM) in stationary coordinates
b. Current control in stationary 

coordinates with two independent 
or three dependent current 
controllers (P, PI, or resonant 
regulators)

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

2. Outer output voltage or torque / 
flux / speed / position control   
(PI regulators)

Modulator

Current
Control

Output
Control

Three-phase
PWM

Converter

Current
Feedback

Output
Feedback
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Control Realization

1. Completely analog control
Complete analog control is rarely used because of
hardware complexity

2. Combination of analog and digital control
Analog current control in stationary and digital output
voltage or speed and flux control

3. Completely digital control
Used in most new designs

DB-162

3 - Phase
Switching 
Network

Phase-to-line
current
transf.

Coordinate
transf.

Inverse
coordinate

transf.

SVM

6

Phase-
locked

loop (PLL)

vA

vB

vC
ia ib

cos θ

sin θ

iab ibc

id iq dd dq

dα dβ
cos θ

sin θ

Open-loop Boost Rectifier Control
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COORDINATE
TRANSFORM.

INVERSE COORD.
TRANSFORM.

SVM

A/D A/D

A/D

A/D

A/D

A/D

D/A

D/A

6

DSP

GENERATION
PLL & sin θ, cos θ

Open-loop Boost Rectifier Control
Digital Signal Processor (DSP) Implementation

ref
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ABv

BCv

abi bci
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qi′

di

qi

αd βdref
dd

ref
qd
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ref
dd ′ ref

qd ′
ref
dD ref

qD
ref

dd~′ ref
qd~′

3 - Phase
Switching 
Network

A/D

6

DSPA/D D/A
(ZOH)

Impedance
Analyzer

Test signalOutput signal

di′ qi′

di

qiref
dd ref

qd

Transfer Function Measurement Set-up
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di
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RECTIFIER
SMALL-SIG.

MODEL
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delay PWM delay  

Sampling 
instant

k T (k+1) T

Modified small-signal model

dd~

qd~

dcv~

dsTe−

qsTe−

dcv ′~

“Digital Control Interface”

cT

csTe−

csTe−

qd TT ,

csTe−

Digital Delay

DB-166

Simplified approximations in continuous time domain:
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BOOST
RECTIFIER
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MODEL
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Digital Delay
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Outline

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

PECon
2008
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Current Loop Design

dcv
dd id ⋅ qq id ⋅
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di qi
Digital Control Interface
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Control-to-Current Transfer Function
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Control-to-Current Transfer Function
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Current Loop-Gain

• D channel loop-gain Td
• Bandwidth is limited by delay (fsw=20kHz)
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Current Loop-Gain

• Q channel loop-gain Tq
• Bandwidth is limited by delay (fsw=20kHz)
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Current Regulation

• Peak is more pronounced when gain increases 
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Current Loop with D and Q Decoupling
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Decoupled D and Q Channels
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dv
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C R

• Similar to two parallel dc-dc boost 
converters after d and q decoupled
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Cross-Coupling Effect After Decoupling
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Outline

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

PECon
2008
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Output Voltage Loop Design
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COMPENSATOR DESIGN

Voltage compensator

Place z    as high as possible 
for required phase margin.
Place p   for loop-gain              

   attenuation.
Attainable voltage-loop 
bandwidth:

ωc

Outer loop-gain

Gc

Hv

zv pv v

v

ω < 1/4 zc RHP

K   (1 + s / z   )vvH   =v  s (1 + s / p  )v

DB-180

Attainable Voltage Loop Bandwidth
with Delay
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Zero is placed close to 
the crossover to  
improve the phase 
margin
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Time Domain Simulation Results

Phase voltages and currents 
(PFC operation)

Output voltage

DB-182

Outline

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

PECon
2008
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LIMITING IN THREE-PHASE CONVERTERS

Modulator

Current
Control

Output
Control

Three-phase
PWM

Converter

Current
Feedback

Output
Feedback

Limiter

Limiter
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Boost Rectifier/VSI Switching State Hexagon

ab

bc

ca

v ref

Maximal attainable voltage vector lies on the hexagon
For sinusoidal average output voltages the voltage 
vector must be inside the inscribed circle

dc
refref Vdv ⋅⋅=

2
3rr

11
2
3 22 ≤+⇒≤⇒⋅≤ qd

ref
dc

ref dddVv
rr

Duty Cycle Limiting
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d lim q lim

Vector angle is kept constant
( d  ) and ( d  )     should be fed back to the anti-windup 
current controllers
If output of each current controller is limited separately
it can result in unattainable voltage vector

dd

dq

limd  q

limd  d
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1If 22 >+ qd dd

22lim
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d dd
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Duty Cycle Limiting
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μ
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Variable Limit PI (“Smart Anti-windup”) 
Current Controllers

μ → ∞
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Maximal current magnitude is limited

(i    )    + ( i     )ref ≤ Imaxd
2 ref

q
2√

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

EXAMPLE
Boost rectifier control

Output 
voltage 

regulator
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ref ( i    )d
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limiq
ref

(I      )   - ( i     )max
2 ref

d
2√ lim

Current
Control dq

dd

Input 
displacement

factor 
controller

ref

ref

Current Limiting

DB-188

Outline

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
• Multilevel converters
• Parallel converters

PECon
2008
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Limitations of Three-Leg Converters

2RR

R

Output Voltages
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• There is no path for the neutral current.
• Output voltages are unbalanced.

Conventional inverter is not good for highly unbalanced load. 

Av
Bv
Cv

ai
bi
ci

Av
CvBv

Nv

dcv

DB-190

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

R

R 2R

dcv

av bv
cv

xv
Av Bv Cv

Nv

ai
bi
ci

ni nL

L

C

Load

Applications

Advantages
• The fourth leg provides a neutral current path
• Compared to generating  vn with capacitive divider:

• Much smaller dc-link capacitance is needed 
• Full utilization of dc-link voltage (15% higher) with SVM

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



96

DB-191

Three-Dimensional Space Vector for
Four-Leg Converter

• Vγ is the zero-sequence component
• Vγ is related to the neutral current
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a-b-c coordinates         α−β−γ coordinates
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A Nonlinear Load
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Switching Model
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Average Model in Stationary Coordinates

• 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
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DB-195

Average Model in Rotating Coordinates
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• 2 decoupled subsystems with reduced system orders
• Transfer functions can be derived based on the dc operating point
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Transfer Functions
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• Sampling delay and PWM delay are incorporated in the model
• The derived model agrees with the measurement very well 
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DB-197

Impact of Load Power Factor on 
Control-to-Output Voltage TFs

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

Graph4
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db((vd/dd))

db((vd/dd))

db((vd/dd))

Resistive Load
PF = 1

Capacitive Load
PF = -0.8

Inductive Load
PF = 0.8

• 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

d

d
d
v

DB-198

Control Block Diagram

VA

VB

VC

VN

4-leg Inverter Unbalanced and 
Nonlinear LoadFilter

Modulator Rotating Transformation

abc/dqo

VAN,BN,CNIABC

VdqoIdqo

Vdqo_ref
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+
Current 

Compensator
Voltage

Compensator

ddqo

Rotating 
Transformation

dqo/abc

dan dbn dcn

Vdc

+
-
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Double-Loop Design

CONVERTERCONVERTER
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• Decoupling is not included
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DB-200

Switching State Vectors
in Three-Dimensional Space

a b

β
α

γ

c

axv
bxv

cxv
dcv

x
a

b
c

n

p

dcv

n pnn

dcv

n npnn nnpn ppnn pppn abc

• 8 Switching State Vectors with 
non-negative γ-component

p abc

• 8 Switching State Vectors with 
non-positive γ-component

• 2×6 vectors with non-zero α & β
• 2 “zero vectors” with non-zero γ
• 2 zero vectors

β

γ

α

γ

a b

c

axv
bxv

cxv
dcv

x
a

b
c

n

p

• 16 Switching State Vectors

pnnn

pnnp

abcx
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Three-Dimensional Switching Vectors
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Projection on α−β plane
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DB-202

Three-Dimensional SVM 
Step 1: Prism Identification

Prism II Prism III

Prism IV Prism V Prism VI

Prism I
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Three-Dimensional SVM 
Step 2: Tetrahedron Identification

pnnn
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Three-Dimensional SVM:
Step 3: Duty-Cycle Calculation

332211 VdVdVdVref

rrrr
++=

3210 1 dddd −−−=

1V
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2V
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0V
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3V
r

refV
r
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Sa

Sb

Sc

Sf

V1V2VZ1 V3

Ts(k) Ts(k+1)

1d2d

(a) Rising-Edge Aligned

3d

Sa

Sb

Sc

Sf

(b) Falling-Edge Aligned
Ts(k) Ts(k+1)

V3V2 VZ1V1

1d 2d 3d

Sa

Sb

Sc

Sf

(c) Symmetric Aligned
Ts(k) Ts(k+1)

V3V2 VZ1V1 V1V3 V2

2
d1

2
d2

2
d2

2
d1

2
d3

2
d3
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Sb
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V2V1 VZ1 V2 V1

zd1d 2d zd1d2d

(d) Alternative Sequence
Ts(k) Ts(k+1)

V3 V3

3d 3d

zd

zd

zd

VZ1

Three-Dimensional SVM: 
Step 4: Switching Sequencing (Minimum Loss)

DB-206

Experimental Results with Only 
Voltage Loops Closed

ILA

ILB

ILC

In

VAG

VBG

VCG

In

Output voltage and neutral currentLoad current and neutral current

Unbalanced Load
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A Four-Leg Inverter with 
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-208

A Four-Leg Inverter with 
Common-Mode Filter Function

4-leg inverter for 
unbalanced / nonlinear load

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

4-leg inverter for 
common-mode reduction

If                                     , there 
is NO common-mode noise! 

0≡+++ xcba vvvv
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DB-209

Use Only Switching Vectors with
2 p’s and 2 n’s

6 available switching vectors out of 24 vectors 

α

β

γ

pnnn

ppnn

npnn

nppn
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pnnp
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npnp
pnpp
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nppp
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γ =0
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γ =-2/3

γ =-1

ref

α

β

pnnp

ppnnnpnp

nppn

nnpp pnpn

ref

npnp4ppnn3pnnp2pnpn1ref VVVVV ⋅+⋅+⋅+⋅= dddd

14321 =+++ dddd

DB-210

Common-Mode Noise Reduction
and Trade-Offs

250V/div 25V/div

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

Common-mode voltage Common-mode voltage

Three-phase inductor current Three-phase inductor current

100A/div 100A/div

• DM ripple is increased because of reduced vector choice
• 15% smaller maximum modulation index
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DB-211

Outline

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
• Multilevel converters
• Parallel converters

PECon
2008

DB-212

Major Multilevel Three-Phase Topologies
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va
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C2b

C1b

C3b
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C1c
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va1
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va3

vb
vb1

vb2

vb3

vn
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vc1

vc2
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Nabae, 1980; Choe, 1991; Carpita, 1991
Diode clamped Flying capacitor

Meynard, 1992

Cascaded H-bridge
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DB-213

Merits of 
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

Disadvantages
• Increased number of devices
• Increased control complexity
• Depending on topology:

– Issues with capacitors balancing 
– Issues with bi-directional power flow

Vab/Vdc

3-levlel 4-levlel 5-levlel

DB-214

Multilevel Converter Control

Comp. Comp. dq
abc SVM Power Stage

& Load

Standard ac current and voltage
control in dq0 coordinates 

• 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

refdqvr refdqi
r

dq
abc

dq
abc

abci
r

abcvr

DC Capacitor
Balancing

dcvr
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• Voltage space-vectors can be represented in a 
three dimensional line-to-line coordinate system 

Space-Vector Representation of 
Three-Level Converters

• Switching model of n-level converter:
Three single-pole n-throw switches

DB-216

Voltage Space-Vectors of 
Three-Level Converters
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REFV
→

• All the voltage space-vectors of a three-phase 
converter are located on a plane
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• Every small vector has two corresponding 
switching states—redundancy.

Large Vector LV
→

Medium Vector MV
→

Small Vector SV
→

Small Vector SV
→

• Voltage space-vectors have different length: 
small, medium and large.
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DB-217

SVM for Multilevel Three-Phase Converters?

• Switching states:  
n3 =125

• Switching vectors: 
3n(n-1)+1 = 61

• Triangular areas: 
6(n-1)2 = 96

Five-level converter

Complexity?
Speed?

How to do SVM? 0 0 1
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Coordinates and Transformation
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• Transform                  

from dq to abc:
dcref VV

r

• Choose line-to-line coordinates: ab, bc and ca
q

d

refV
r

dref
→
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falls in a triangle as follows:

Identify the Vectors and 
Calculate their Duty Cycles

0,-1,1

0,-2,2
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dref
→

• Calculate the floor 
and ceiling of the 
projections: cacaca

bcbcbc

ababab

cdf
cdf
cdf

≤≤
≤≤
≤≤

, 
, 

refcabcab dfff
r

    then2  If −=++

dref
→

cabcab fcf  , ,
)( bcbc fd −

cabcab cff  , ,
)( caca fd −

cabcab ffc  , ,
)( abab fd −

dref
→

cabcab ccf  , ,
)( abab dc −

cabcab fcc  , ,
)( caca dc −

cabcab cfc  , ,
)( bcbc dc −

falls in a triangle as follows:
refcabcab dfff
r

    then1  If −=++•

•

DB-220

1. The projections are

2. The floors and ceilings are

An Example

202.1=abd 440.0=bcd 642.1−=cad

1=abf
2=abc

0=bcf
1=bcc

2−=caf
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3. Since                                , the nearest 
three vectors and their duty cycles are:

1−=++ cabcab fff

0,-1,1

0,-2,2

-1,0,1

-1,-1,2

-2,2,0

-2,1,1

-2,0,2

1,-1,0

1,-2,1

0,1,-1

-1,2,-1

-1,1,0

2, 0,-2

2,-1,-1

2,-2,0

1,1,-2

1,0,-1

0,2,-2

ab

bc

ca

dref
→

→
dref with a length of 1.7 and an angle of 45º from ab axis
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p n n

NP
INP

CDC
Sa

Sc

Sb

CDC

ia
ib

ic

Large vectors do not affect NP balance

Vab= Vdc
Vbc= 0
Vca= -Vdc

Ampitude=

Phase =

dcV
3
2

⋅

o0

VabVca

Vbc

p n nn p p

p p nn p n

n n p p n p

Vca= Vdc

Vab= Vdc

Vbc= 0

Capacitor Balancing Problem in Three-Level
Neutral-Point (NP) Clamped Converter

INP = 0

DB-222

Full load current is connected to NP
for the duration of the medium vector
duty cycle

Vab= Vdc
Vbc= - Vdc/2
Vca= -Vdc/2

Ampitude = Vdc

Phase = o30-

VabVca

Vbc

o n p

p o n

o p n

n p o

n o p p n o

Vca= Vdc/2

Vab= VdcVbc= Vdc/2

p n o

NP
INP

CDC
Sa

Sc

Sb

CDC

ia
ib
ic

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

INP = ic
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p o o

NP
INP

CDC
Sa

Sc

Sb

CDC

ia
ib

ic

Small vectors come in pairs

Freedom to select either vector 
in a pair helps balance NP

Vab= Vdc/2
Vbc= 0
Vca= -Vdc/2

Ampitude =

Phase =

dcV
3
1

⋅

o0

NP
INP

CDC
Sa

Sc

Sb

CDC

ia
ib

ic

o n n

VabVca

Vbc

p o o
o n n

o p o
n o n

o p p
n o o

o o p
n n o

p o p
o n o

p p o
o o n

Vca= Vdc

Vab= Vdc

Vbc= 0

Small vectors also affect the capacitor charge 
balance and their effect can be controlled

INP = ia

INP = ib + ic = – ia

DB-224

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

• Based on the commanded balancing effort, virtual small vector
• can be computed (need to use both vectors every cycle)

)evev(v
3
2V j2

ca
j

bcab
γγ +⋅+=

3
2πγ =

• Compute the location of voltage space vectors in every switching cycle

• Determine the sector location of the current VREF

• Compute the duty cycles

0VSV
→

LV
→

MV
→

→
'
0SV0SV

→

S0
'

S0VS0 Vc)(1VcV
→→→

⋅−+⋅= [ ]0,1c ∈
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Ripple free area

power factor angle (deg)

m
od

ul
at

io
n 

in
de

x 
m

VabVca

Vbc

Va

Vb

Vc

ILOAD

VREF
φ

φ

Neutral point can be balanced in every switching 
cycle only in the part of the operating region

DB-226

Ripple free area
dt

I
(t)iQ

T

0 a

NP∫=

0

1

2

Vpos

Vneg

0

Vdc

Cdc

Cdc

+

+

iNPNP

Finding the normalized charge ripple for all operating 
conditions helps design dc-link capacitors
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0

2000

4000

6000

8000

10000

12000

14000

1 0.8 0

μF
System Parameters
• 1800 V   DC bus
• 1%         NP ripple
• 200 A     Peak current

max_DC

max
DC U

IKC2
Δ

⋅
=⋅ K - normalized amplitude of 

NP charge

m=0.9

cos(φ)

With NP control
Without NP control

As expected, the effect of NP charge control 
diminishes for the decreasing power factor angle

DB-228

Balancing of clamping capacitor for flying capacitor
converter is load-independent

ica1= ia ica1= - ia

• 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!

Van= Vpn/2

Cdc
Vpn a

Sa1

Sa2

Sa3

Sa4

Cdc
ia

ica1

n 0

p 2

+ Cdc
Vpn a

Sa1

Sa2

Sa3

Sa4

Cdc
ia

ica1

n 0

p 2

+
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Outline

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
• Multilevel converters
• Parallel converters

PECon
2008

DB-230

Motivation

  Gen

DC Distribution Bus

Filter
  Motor

DC/AC

AC/DC

Filter

DC/DC

AC/DC

Filter

DC/AC
Filter

R

A Distributed Power System • Modular design
• N+1 redundancy (reliability)
• No limit for current level
• Maintainability
• Availability
• Reduced cost, size and weight
• Improved performance

Parallelability
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Possible Solutions

• Separate power supplies
• Transformer isolation
• Inter-phase reactors
• Six-leg converter

A Six-Leg Converter 

Power
Supply

#2

Power
Supply

#1

Controller 

Transformer

Inter-Phase
Reactors

DB-232

Issues – Modeling
Challenges

• High-order system
• Coupling 

Converter #1

C2

Converter #2

dV

qV

1dI

2dI

2qI

1qI

13L

23L

13L

23L

113 qILω

113 dILω

223 qILω

223 dILω

11 dd Id 11 qq Id

22 dd Id 22 qq Id

1dcI

2dcI

dcV

1C

dcd Vd 1

dcq Vd 1

dcd Vd 2

dcq Vd 2

R
Existing results

• High-order multi-input-
multi-output modeling1

• Reduced order modeling2

2Mao, 1994

1Matakas, 1993
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Issues – Load Sharing

Challenge

• Load sharing
• Voltage regulation
• Modular design

Existing results

• Master/Slave1

• Droop2

Converter #1

Converter #2

Control #2

Control #1 Load-sharing
control

Input Output

Converter #1

Converter #2

Control #2

Control #1

Input Output

Master/Slave

Droop
Poor Voltage Regulation

P

V

Good
Load

Sharing

Poor
Load

Sharing

Good 
Voltage Regulation

1Siri, 1992
2Jamerson, 1994

DB-234

Issues – Zero-Sequence Current

source
/load

load/
sourceI0

a b

a
b

source
/load

load/
sourceI0

a b c

a b c

source
/load

load/
sourceI0

a b c n

a b c n
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Phase-Leg Averaging

dcVdcIaI

aa Id ⋅dca Vd ⋅
0

aV
ai

aps

ans

av

dci
dcv

0

aps

ans

Tad

av
dcV

dci

aI

T

t

t

a
b

c

DB-236

An Averaged Three-Phase Converter Model

phase-leg model

converter model

cI

dcc Vd ⋅

cV

dcVdcI

0

bI

dcb Vd ⋅

bV

dca Vd ⋅

aV
aI

aa Id ⋅ bb Id ⋅ cc Id ⋅

dcVdcIaI

aa Id ⋅dca Vd ⋅
0

aV
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Extraction of Zero-Sequence Components

Define:

Where:

cbaz dddd ++=

0333 =−+−+− )d(d)d(d)d(d z
c

z
b

z
a

0''' =++ cba ddd

3
' z

aa
ddd −=

3
' z
aa

ddd +=

A zero-sequence component ≡ the sum of all phases components

cba IIII ++=0 e.g.

3
' z

bb
ddd −= 3

' z
cc

ddd −=

3
' z
bb

ddd += 3
' z
cc

ddd +=

DB-238

The Model with Zero-Sequence Components

• For a single converter, there is a zero-sequence voltage
but no zero-sequence current because 

cI
cV

dcVdcI

0

bI bV
aVaI

3
dcz Vd ⋅

dca Vd ⋅'
dcb Vd ⋅'

dcc Vd ⋅'

aa Id ⋅'
bb Id ⋅'

cc Id ⋅'

3)/II(Id cbaz ++⋅

0≡++ cba III
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Zero-Sequence Current in Parallel Converters

2cI
2cV

2dcI

2bI 2bV
2aV2aI

3
2 dcz Vd ⋅ 32222 )/II(Id cbaz ++⋅

1aI
1aV

dcV

1dcI
01bI 1bV

1cV1cI

3
1 dcz Vd ⋅

dcc Vd ⋅'
1dcb Vd ⋅'

1dca Vd ⋅'
1

31111 )/II(Id cbaz ++⋅

I0

01I

02I

dcc Vd ⋅'
2dcb Vd ⋅'

2dca Vd ⋅'
2

1
'
1 cc Id ⋅1

'
1 bb Id ⋅1

'
1 aa Id ⋅

2
'
2 cc Id ⋅2

'
2 bb Id ⋅2

'
2 aa Id ⋅

DB-240

An Averaged Model of Zero-Sequence 
Dynamic

22
2

2
'

2
2

11
1

1
'
1

1
33 a

a
dca

dcz
a

a
dca

dcz IR
dt

dILVdVdIR
dt

dILVdVd ⋅−−⋅+⋅=⋅−−⋅+⋅

021
0

2121 I)R(R
dt

dI)L(L)d(dV zzdc ⋅+++=−⋅

21 LL + 21 RR +

)d(dV zzdc 21 −⋅

In AC side, there are three-loops forming three equations:

Equivalent circuit
I0

22
2

2
'
2

2
11

1
1

'
1

1
33 b

b
dcb

dcz
b

b
dcb

dcz IR
dt

dILVdVdIR
dt

dILVdVd ⋅−−⋅+⋅=⋅−−⋅+⋅

22
2

2
'
2

2
11

1
1

'
1

1
33 c

c
dcc

dcz
c

c
dcc

dcz IR
dt

dILVdVdIR
dt

dILVdVd ⋅−−⋅+⋅=⋅−−⋅+⋅
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Zero-Sequence Duty Cycle

For example:

1d

2d
pnn

npn

nnp

ppn

npp

pnp

as

bs

cs
ppp ppn pnn nnnnnn pnn ppn

2
1d

4
0d

2
2d

2
2d

2
1d

021

002021

5.12
5.0)5.0()5.0(

ddd
dddddddddd cbaz

++=
+++++=++=

4
0d

2
0d

DB-242

A New Zero-Sequence Control Variable k

pppdk ≡ i.e. the duration of zero-vector ppp

021

002021

32
)()(

kddd
kdkddkddddddd cbaz

++=
+++++=++=

Therefore:

as

bs

cs
ppp ppn pnn nnnnnn pnn ppn

0kd2
1d

2
)1( 0dk−

2
)1( 0dk−

2
2d

2
2d

2
1d

• k is not definable in minimum loss
SVM schemes
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• I0 can be controlled by controlling k1 dynamically

• High control bandwidth can be achieved because
it is a first-order system

0I
21 LL + 21 RR +

)d(dV zzdc 21 −⋅

0I
21 LL + 21 RR +

01 503 )d.(kVdc −⋅

01

0221012121

503
3232

)d.-(k
)dkd(ddkdddd zz

=
++−++=−

where k2 is set to 0.5

A New Zero-Sequence Model
with the New Control Variable k

DB-244

Implementation

• This part is added onto
a regular controller for a
single converter.

LoadSource

va2 vb2
vc2

va1
vb1

vc1

ia2
ib2
ic2

ic1
ib1
ia1

vdc

0

idc2

idc1i0

0

PI k

aps

dd qd

0kd
aps

i0

bps
cps

ans bps bns cps cns
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Simulation Results

Without Zero-sequence control With Zero-sequence control
(Two converters with different switching frequencies operate independently) 

ia1

ia2

5A/div

i01

i02

5A/div

i01 i02

5A/div

ia1 ia2

5A/div

DB-246

Clock Phase Shifting
Common-Mode Voltage Reduction

0

2/dcv+
2/dcv−

2/dcv+
2/dcv−

6/dcv−

1as

1bs

1cs

2as

2bs

2cs

Common-mode voltage
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ia1 ia2

ia

20A/div

Clock Phase Shifting
Differential-Mode Ripple Reduction

DB-248
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