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Three-Phase Applications

Diode Rectifier SCR Rectifier
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Diode Rectifiers
THD 90%
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THD 40%
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Three-Phase Applications
Power Factor Correction
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Circuit and control diagram Input current waveform

 Sinusoidal input current and unity power factor
 Bidirectional power flow capabilities

Other Three-Phase Converters

 AC-DC rectifier

 DC-fed inverter

 AC-DC-AC power converter

 AC-AC power converter

 Uninterruptible power system

 Active filters

 STATCOM

 HVDC transmission station

 DC-AC grid-interface 
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Three-Phase Applications: Grid-Interface Converters

 Photovoltaic applications

 Energy Storage

 Wind power applications
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Three-Phase Applications
Two-Level Power Converters

Boost Rectifier Buck Inverter (VSI)

Buck Rectifier Boost Inverter (CSI)
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Generalized Structure of a Power Converter

Source Input 
Filter

Controller

Switching
network

Output 
Filter Load

Feedforward Feedback

 Switching network is discontinuous and nonlinear

?
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Steps in Modeling Three-Phase PWM Converters

1. Switching model
 Time-discontinuous
 Time-varying
 Nonlinear

2. Average model in stationary frame
 Time-continuous
 Time-varying
 Nonlinear

3. Average model in rotating d-q frame
 Time-continuous
 Time-invariant
 Nonlinear

4. Small-signal model in rotating d-q 
frame
 Time-continuous
 Time-invariant
 Linear
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Y-connection -connection

0 cba iii

0 cabcab vvv

0 cnbnan vvv

0 cba iii

0 cabcab vvv
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0 cabcab iii

baab vvv 

cbbc vvv 

acca vvv 

abcaa iii 

bcabb iii 

cabcc iii 

Three-Phase Variables
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Euclid vector representations

Euclid Space:
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Vector Representations of the Three-Phase Variables
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0 cba iii 0 cabcab vvv

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

 -space is traditionally 
defined by:
• -axis is chosen as 

projection of the a-axis 
onto  ,

•  -axis is co-linear with 
vector 

•  - axis is defined by 
right-hand rule.

 T111
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Change of Coordinates  (abc to )
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The transformation matrix
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Transformation Matrix 

𝑣ఈఉఊ ൌ 𝑇ఈఉఊ/௔௕௖ · 𝑣௔௕௖

𝚤ఈఉఊ ൌ 𝑇ఈఉఊ/௔௕௖ · 𝚤௔௕௖
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Example: State-Space Equations

𝑣 ൌ
𝑣௔
𝑣௕
𝑣௖

𝑉௠ cos 𝜔𝑡
𝑉௠ cos 𝜔𝑡 െ 2𝜋/3
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Example: State-Space Equations
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A rotating vector in  space can be a constant vector in a rotating space  
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Where  is the rotating speed

Transformation Matrix 
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Preserve the same third axis, that is 0-axis is the same as -axis
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Example: Stationary and Rotating Reference Frame
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Boost Rectifier

where Vm is the peak
value of the line-to-line
input voltage  
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Basic Topologies
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Buck Rectifier

Current Source Inverter (CSI)

Basic Topologies
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Switching Function

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

0, i = 0, if switch s is open
s

i
v

v

i
v

i

Current bi-directional two-quadrant switch

Method of Modeling Switching Networks

Switching Constraints
 Voltage source or capacitor cannot be shorted
 Current source or inductor cannot be open
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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

Defining: 
 Voltage-unidirectional single-

pole-double-throw switch
 Switching functions

;1 inipi sss  },,{ cbai

p

n

av

bv

cv

as

bs

cs

0
0

0
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1
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Voltage-Unidirectional Three-Phase Switching Network
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Current-Unidirectional Three-Phase Switching Network

 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
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Instantaneous voltage equation Instantaneous current equation

Note that:
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ci

dci

dcv

…

Switching Model—Line Variables
Boost Rectifier/Voltage Source Inverter

𝑣௔௕
𝑣௕௖
𝑣௖௔

ൌ
𝑆௔ െ 𝑆௕
𝑆௕ െ 𝑆௖
𝑆௖ െ 𝑆௔

𝑣ௗ௖ ൌ
𝑆௔௕
𝑆௕௖
𝑆௖௔

𝑣ௗ௖ 𝑖ௗ௖ ൌ 𝑆௔ 𝑆௕ 𝑆௖ ·
𝑖௔
𝑖௕
𝑖௖

𝑆௔௕ ൌ 𝑆௔ െ 𝑆௕; … 𝑣௔௕ ൌ 𝑣௔ െ 𝑣௕; …
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Similarly

Assuming that
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bi

ci

abi

bci
cai

Relationship between Line-to-Line Current and Phase Current

𝑖௔ ൌ 𝑖௔௕ െ 𝑖௖௔
𝑖௕ ൌ 𝑖௕௖ െ 𝑖௔௕
𝑖௖ ൌ 𝑖௖௔ െ 𝑖௕௖

𝑖௔ െ 𝑖௕ ൌ 𝑖௔௕ െ 𝑖௖௔ െ 𝑖௕௖ െ 𝑖௔௕ ൌ 2𝑖௔௕ െ 𝑖௖௔ ൅ 𝑖௕௖ ൌ 3𝑖௔௕
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1
3 𝑖௔ െ 𝑖௕ 𝑖௕௖ ൌ

1
3 𝑖௕ െ 𝑖௖ 𝑖௖௔ ൌ

1
3 𝑖௖ െ 𝑖௔

𝑖ௗ௖ ൌ 𝑆௔𝑖௔ ൅ 𝑆௕𝑖௕ ൅ 𝑆௖𝑖௖ ൌ 𝑆௔ 𝑖௔௕ െ 𝑖௖௔ ൅ 𝑆௕ 𝑖௕௖ െ 𝑖௔௕ ൅ 𝑆௖ 𝑖௖௔ െ 𝑖௕௖

𝑖ௗ௖ ൌ 𝑖௔௕ 𝑆௔ െ 𝑆௕ ൅ 𝑖௕௖ 𝑆௕ െ 𝑆௖ ൅ 𝑖௖௔ 𝑆௖ െ 𝑆௔ ൌ 𝑆௔௕ 𝑆௕௖ 𝑆௖௔
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Where:

Switching Model – Line Variables
Boost Rectifier / Voltage Source Inverter

𝑣௟ି௟ ൌ 𝑆௟ି௟ · 𝑣ௗ௖

𝑖ௗ௖ ൌ 𝑆௟ି௟
் · 𝑖௟ି௟

𝑣௟ି௟ ൌ
𝑣௔௕
𝑣௕௖
𝑣௖௔

ൌ
𝑣௔௡ െ 𝑣௕௡
𝑣௕௡ െ 𝑣௖௡
𝑣௖௡ െ 𝑣௔௡

𝑆௟ି௟ ൌ
𝑆௔௕
𝑆௕௖
𝑆௖௔

ൌ
𝑆௔ െ 𝑆௕
𝑆௕ െ 𝑆௖
𝑆௖ െ 𝑆௔

𝑖௟ି௟ ൌ
𝑖௔௕
𝑖௕௖
𝑖௖௔
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Where:

Switching Model—Phase Variables
Boost Rectifier/Voltage Source Inverter

𝑣௔௕௖ ൌ 𝑆௔௕௖ · 𝑣ௗ௖

𝑖ௗ௖ ൌ 𝑆௔௕௖
் · 𝑖௔௕௖

𝑣௔௕௖ ൌ
𝑣௔
𝑣௕
𝑣௖

ൌ
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Average Circuit Modeling
 Applying an average operator to the switching model:

Switch duty cycle

Phase-leg duty cycle

Line-to-line duty cycle

KVL and KCL

Linear components
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dcabab vsv 

dcabdcab

t

Tt
dcabab vdvsτdτvτs

T
v  



)()(1

Averaging of Quadratic Terms

If maximum-frequency components of 𝑣ௗ௖ 𝑡  are ≪ ଵ
ଶ்

𝑆௟ି௟ · 𝑣ௗ௖ൎ 𝑆௟ି௟ · 𝑣ௗ௖ ൌ 𝑑௟ି௟ · 𝑣ௗ௖

𝑆௟ି௟ 
் · 𝚤௟ି௟ ൎ 𝑆௟ି௟ 

் · 𝚤௟ି௟ ൌ 𝑑௟ି௟ 
் · 𝚤௟ି௟

June 25, 2018 IEEE COMPEL 2018 33



dci

dcab vd 

abi

bci

cai

Averaging

L
ai

bi

ci
ABv

BCv C

R
dcv
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Average Model
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Average Model of Three-Phase Boost Rectifier
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𝑆௖ െ 𝑆௔

𝑣௟ି௟ ൌ
𝑣஺஻
𝑣஻஼
𝑣஼஺

𝑖௟ି௟ ൌ
𝑖௔௕
𝑖௕௖
𝑖௖௔

June 25, 2018 IEEE COMPEL 2018 34



dcv

dcab vd 

dcbc vd 

dcca vd 

ABv

BCv

CAv

abi

bci

cai
abab id  bcbc id  caca id 

L3

L3

L3

C R

 Third order system due to degeneration

Another Equivalent Circuit of the Boost Rectifier
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State-Space Equations in abc and dq0 Frames—Boost Rectifier

abc coordinates

𝑑
𝑑𝑡

𝚤௔̅௕
𝚤௕̅௖
𝚤௖̅௔

ൌ
1

3𝐿

𝑣஺஻
𝑣஻஼
𝑣஼஺

െ
1

3𝐿

𝑑௔௕
𝑑௕௖
𝑑௖௔

· 𝑣ௗ௖

𝑑𝑣ௗ௖
𝑑𝑡 ൌ

1
𝐶

𝑑௔௕ 𝑑௕௖ 𝑑௖௔ ·
𝚤௔̅௕
𝚤௕̅௖
𝚤௖̅௔

െ
𝑣ௗ௖
𝑅𝐶

𝑑
𝑑𝑡

𝚤ௗ̅
𝚤௤̅
𝚤଴̅

ൌ
1

3𝐿

𝑣ௗ
𝑣௤
𝑣଴

െ
0 െ𝜔 0
𝜔 0 0
0 0 0

𝚤ௗ̅
𝚤௤̅
𝚤଴̅

െ
1

3𝐿

𝑑ௗ
𝑑௤
𝑑଴

· 𝑣ௗ௖

𝑑𝑣ௗ௖
𝑑𝑡 ൌ

1
𝐶

𝑑ௗ 𝑑௤ 𝑑଴ ·
𝚤ௗ̅
𝚤௤̅
𝚤଴̅

െ
𝑣ௗ௖
𝑅𝐶

dq0 coordinates
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di L3

dv
qiL3

dcd vd 

qi L3

qv
diL3

dcq vd 

0i L3

0v
dc0 vd 

dcv

dd id  qq id  00 id 

C R

 The cross-coupling terms 3𝜔𝐿𝚤௤̅ and 3𝜔𝐿𝚤ௗ̅ in dq0 coordinates 

account for the voltage drops across the inductances, at line 

frequency, in abc coordinates (j3𝜔𝐿𝚤௔̅௕, j3𝜔𝐿𝚤௕̅௖, and j3𝜔𝐿𝚤௖̅௔)

Equivalent Circuit in dq0 Frame—Boost Rectifier
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Since

 -channel can be omitted

0-Channel
𝑣஺஻ ൅ 𝑣஻஼൅𝑣஼஺≡ 0

𝚤௔̅௕ ൅ 𝚤௕̅௖൅𝚤௖̅௔≡ 0

𝑑௔௕ ൅ 𝑑௕௖൅𝑑௖௔≡ 0

𝑣଴ ≡ 0
𝚤଴̅ ≡ 0

𝑑଴ ≡ 0

0i L3

0v
dc0 vd 
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dcv

dd id  qq id 

C R

di L3

dv
qiL3

dcd vd 

qi L3

qv
diL3

dcq vd 

Equivalent Circuit in dq0 Frame—Boost Rectifier

𝑑
𝑑𝑡

𝚤ௗ̅
𝚤௤̅

ൌ
1

3𝐿
𝑣ௗ
𝑣௤

െ 0 െ𝜔
𝜔 0

𝚤ௗ̅
𝚤௤̅

െ
1

3𝐿
𝑑ௗ
𝑑௤

· 𝑣ௗ௖

𝑑𝑣ௗ௖
𝑑𝑡 ൌ

1
𝐶 𝑑ௗ     𝑑௤ ·

𝚤ௗ̅
𝚤௤̅

െ
𝑣ௗ௖
𝑅𝐶

dq coordinates
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dcv

dd id  qq id 

C R

di L3

dv
qiL3

dcd vd 

qi L3

qv
diL3

dcq vd 

Equivalent Circuits in dq0 Frame

dcv

dd id  qq id 

C

R

di L3
dv

qiL3

dcd vd 

L3
qvdiL3

dcq vd  R

C

qi

dci

dvC

qvC

RC

dcd id  dd vd 

qq vd 

oo vd 

L

dcv

pnv

dci

dv
di

dcq id 
qv

qi

R

R

Cdcd id dd vd 

qq vd 

oo vd 

L

dcv pnv

dv
di

dcq id 
qv qi

C

dci
qvC

dvC

Bo
os

t R
ec

tif
ie

r
VS

I

C
SI

Bu
ck

 R
ec

tif
ie

r
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Outline 
1. Introduction
2. Mathematical Framework
3. Switching Modeling and PWM
4. Average Modeling
5. Small-Signal Modeling
6. Closed-Loop Control
7. 3-Level Converters
8. Control System Synchronization
9. AC System Interactions
10. Electronic Synchronous Machine (Voltage Controlling Converter)
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Linearization
Autonomous dynamic system:

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

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

But the dynamic system is NOT in canonical form:

𝑑𝑥
𝑑𝑡 ൌ 𝑓 𝑥, 𝑢

𝑓 𝑥, 𝑢 ൌ 𝑓 𝑥଴, 𝑢଴ ൅
𝜕𝑓 𝑥଴, 𝑢଴

𝜕𝑥 · 𝑥 െ 𝑥଴ ൅
𝜕𝑓 𝑥଴, 𝑢଴

𝜕𝑢 · 𝑢 െ 𝑢଴ ൅
1
2! ·

𝜕ଶ𝑓 𝑥଴, 𝑢଴
𝜕𝑥ଶ · 𝑥 െ 𝑥଴

ଶ ൅ 2
𝜕ଶ𝑓 𝑥଴, 𝑢଴

𝜕𝑥𝜕𝑢 · 𝑥 െ 𝑥଴ 𝑢 െ 𝑢଴ ൅
𝜕ଶ𝑓 𝑥଴, 𝑢଴

𝜕𝑢ଶ · 𝑢 െ 𝑢଴
ଶ ൅ 𝐾

𝑓 𝑥, 𝑢 ൌ 𝑓 𝑥଴, 𝑢଴ ൅
𝜕𝑓 𝑥଴, 𝑢଴

𝜕𝑥 · 𝑥 െ 𝑥଴ ൅
𝜕𝑓 𝑥଴, 𝑢଴

𝜕𝑢 · 𝑢 െ 𝑢଴

𝑑𝑥
𝑑𝑡 ≅

𝜕𝑓 𝑥଴, 𝑢଴
𝜕𝑥 · 𝑥 ൅

𝜕𝑓 𝑥଴, 𝑢଴
𝜕𝑢 · 𝑢 ൅ 𝑓 𝑥଴, 𝑢଴ െ

𝜕𝑓 𝑥଴, 𝑢଴
𝜕𝑥 · 𝑥଴ െ

𝜕𝑓 𝑥଴, 𝑢଴
𝜕𝑢 · 𝑢଴

𝑥ሶ ൌ 𝐀 𝐁 𝑢𝑥 ൅𝑔 ് 0
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Linearization
𝑑𝑥
𝑑𝑡 ൌ 𝑓 𝑥, 𝑢 ≅ 𝑓 𝑥଴, 𝑢଴ ൅

𝜕𝑓 𝑥଴, 𝑢଴
𝜕𝑥 · 𝑥 െ 𝑥଴ ൅

𝜕𝑓 𝑥଴, 𝑢଴
𝜕𝑢 · 𝑢 െ 𝑢଴

If 𝑥଴, 𝑢଴ is an equilibrium point 𝑋, 𝑈 , and 𝑥෤, 𝑢෤  is perturbation around it:

𝑓 𝑋, 𝑈 ≡ 0 𝑥 ൌ 𝑋 ൅ 𝑥෨ 𝑢 ൌ 𝑈 ൅ 𝑢෨

𝑑𝑋
𝑑𝑡 ൌ 0

𝑑𝑥
𝑑𝑡 ൌ

𝑑𝑋
𝑑𝑡 ൅

𝑑𝑥෨

𝑑𝑡 ൌ
𝑑𝑥෨

𝑑𝑡

𝑑𝑥෨

𝑑𝑡 ≅
𝜕𝑓 𝑥, 𝑢

𝜕𝑥
ቤ

௑,௎
· 𝑥෨ ൅

𝜕𝑓 𝑥, 𝑢
𝜕𝑢

ቤ
௑,௎

· 𝑢෨

𝑥෨ሶ ൌ 𝐀 · 𝑥෨ ൅ 𝐁 · 𝑢෨

𝐀 ൌ
𝜕𝑓 𝑥, 𝑢

𝜕𝑥
ቤ

௑,௎
𝐁 ൌ

𝜕𝑓 𝑥, 𝑢
𝜕𝑢

ቤ
௑,௎
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Average Large-Signal Model—Boost Rectifier

dcv

dd id  qq id 

C R

di L3

dv
qiL3

dcd vd 

qi L3

qv
diL3

dcq vd 

A steady-state operating point:

md VV 
2
3 (Vm: Max line-to-line voltage)

0qV

dc

d
d V

VD 

dc

d
q V

LID 3


d

dc
d DR

VI




0qI
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Small-Signal State-Space Model – Boost Rectifier

Intrinsic
System Dynamics

Control
Input

Disturbance
Input

𝑑
𝑑𝑡

𝚤ௗ̃
𝚤௤̃

𝑣෤ௗ௖

ൌ

0 𝜔 െ
𝐷ௗ
3𝐿

െ𝜔 0 െ
𝐷௤

3𝐿
𝐷ௗ
𝐶

𝐷௤

𝐶 െ
1

𝑅𝐶

𝚤ௗ̃
𝚤௤̃

𝑣෤ௗ௖

൅

െ
𝑉ௗ௖
3𝐿 0

0 െ
𝑉ௗ௖
3𝐿

𝐼ௗ
𝐶

𝐼௤

𝐶

𝑑ሚௗ
𝑑ሚ௤

൅

1
3𝐿 0

0
1

3𝐿
0 0

𝑣෤ௗ
𝑣෤௤

𝑥ሶ     ൌ 𝐀 𝐁 𝑢𝑥 ൅ 𝐃 𝑣൅
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Small-Signal Circuit Model – Boost Rectifier

dcv~

dd Id 
~

C R

di
~ L3

dv~

qiL~3

dcd vD ~

qi
~ L3

qv~

diL~3

dcq vD ~

dcd Vd 
~

dcq Vd 
~

dd iD ~ qq Id 
~

qq iD ~
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Boost Rectifier Open-Loop Transfer Functions
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Boost Rectifier Open-Loop Transfer Functions
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Poles of Boost Rectifier

Pole map for –1 < Dd < 1 and –1 < Dq < 1 and:

2306
2
3

dV

0qV

 260

  10R
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Simplified approximations in continuous time domain:

di
~

qi
~

di
~

qi
~

ref
dd~

ref
qd~

BOOST
RECTIFIER
SMALL-SIG.

MODEL

dd~

qd~

dcv~

dsTe

qsTe

dcv ~

“Digital Control Interface”

 

 
122

1

122
1

2

2

deldel

deldel
sT

sTsT

sTsT

e del






Often choose: switchingsamplingqdcdel TTTTTT 

csTe

csTe

csTe

Digital Delay
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Outline 
1. Introduction
2. Mathematical Framework
3. Switching Modeling and PWM
4. Average Modeling
5. Small-Signal Modeling
6. Closed-Loop Control
7. 3-Level Converters
8. Control System Synchronization
9. AC System Interactions
10. Electronic Synchronous Machine (Voltage Controlling Converter)
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AC Sweep in Switching Model Simulation (PLECS)
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Measurement Set-up

http://www.keysight.com/en/pdx-x201771-pn-E5061B/ena-series-network-analyzer?cc=GB&lc=eng

ddidtf _ direfdd _

dqiqtf _ qirefqd _

ddiqtf _ qirefdd _

dqidtf _ direfqd _
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Software Frequency Response Analyser Tool

https://www.youtube.com/watch?v=8z8PpZdYh7U
http://www.ti.com/tool/SFRA#3
https://pixabay.com/en/photos/laptop/

https://store.ti.com/LAUNCHXL-F28379D-C2000-Delfino-MCUs-F28379D-LaunchPad-Development-Kit-P50584.aspx?HQS=ecm-tistore-promo-janlaunchpad-
null-store-LAUNCHXL-F28379D-wwe



Current Loop Design—Boost Rectifier

dcv
dd id  qq id 

C R

di L3
dv

qiL3
dcd vd 

qi L3
qv

diL3
dcq vd 

Hv Hid

Hiq

vref

v’dc

idref

iqref

di

qi

ref
qd

dd qd

ref
dd

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 
 Bandwidth is limited by delay (fsw=20kHz)
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Current Loop Gain

 Q channel loop-gain 
 Bandwidth is limited by delay (fsw=20kHz)
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Current Regulation
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 Peak is more pronounced when gain increases 
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Current Loop with D and Q Decoupling

Hv Hid

Hiq

vref

v’dc

idref

i’d

iqref

i’q

3L/v’dc

3L/v’dc

ref
qd

ref
dd

ref
qd


ref
dd


𝑑ௗ ൌ 𝑑ௗ
௥௘௙𝑒ି௦்೏ ൌ 𝑑መௗ

௥௘௙ ൅ 3𝜔𝐿𝑖௤
ᇱ /𝑣ௗ௖

ᇱ 𝑒ି௦்೏ ൌ 𝑑መௗ ൅ 3𝜔𝐿 ଵ
௩೏೎

ᇲ 𝑒ି௦்೏𝑖௤
ᇱ

𝑑௤ ൌ 𝑑௤
௥௘௙𝑒ି௦ ೜் ൌ 𝑑መ௤

௥௘௙ ൅ 3𝜔𝐿𝑖ௗ
ᇱ /𝑣ௗ௖

ᇱ 𝑒ି௦ ೜் ൌ 𝑑መ௤ െ 3𝜔𝐿 ଵ
௩೏೎

ᇲ 𝑒ି௦ ೜்𝑖ௗ
ᇱ
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Decoupled D and Q Channels

di L3

dv
dcd vd 



qi L3

qv
dcq vd 



dcv

dd id  qq id 

C R

 Similar to two parallel dc-dc boost converters after d and q decoupled

3 3 3dsTdc
d dc q d dc q q
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3 3 3qsTdc
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Output Voltage Loop Design
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Compensator Design

Voltage compensator:

 Place zv as high as possible for required phase 
margin
 Place pv for loop-gain attenuation
 Attainable voltage-loop bandwidth: 𝜔௖ ൏ ଵ

ସ
𝑍ோு௉

pv should be close to RHP zero to provide 
sufficient gain margin and loop gain attenuation 
beyond crossover frequency

With high enough Kv the dominant pole of closed-
loop system will be close to zv

𝐻௩ ൌ
𝐾௩ 1 ൅ 𝑠

𝑧௩
𝑠 1 ൅ 𝑠/𝑝௩
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Time-Domain Simulation Results

Phase voltage and current 
in PFC operation

Dc bus output voltage
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Control Design of Voltage Source Inverter

Signal sensing and digital 
control delays are included
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Control-to-Current Transfer Function
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Control-to-Current Cross Transfer Functions
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Current Loop Gain
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Current Regulation
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AC Voltage Loop
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Current Reference-to-Voltage Transfer Function
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Improving Voltage Source
DQ-Frame Decoupled Controller for VSI
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Experimental D-Q Frame Impedance
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Software Frequency Response Analyzer—STATCOM
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STATCOM Controller
Ac inductor and dc cap 
resonance damped by deadtime
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STATCOM Outer Loop-Gains

Pole introduced by 
discharging resistor
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Software Frequency Response Analyzer—Boost Rectifier
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D-Axis Control-to-Current Loop-Gain
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Q-Axis Control-to-Current Loop-Gain
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Outline 
1. Introduction
2. Mathematical Framework
3. Switching Modeling and PWM
4. Average Modeling
5. Small-Signal Modeling
6. Closed-Loop Control
7. 3-Level Converters
8. Control System Synchronization
9. AC System Interactions
10. Electronic Synchronous Machine (Voltage Controlling Converter)
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Vienna (Type) Rectifier Topology Used

Three-level non-regenerative rectifier
Developed originally as front-end for power supplies

Has good power density characteristics

Ia +Van
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Space Vectors and Duty Cycles

Twenty five total space vectors
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Space Vectors and Duty Cycles

Twenty five total space vectors
Eight vectors active at a time, one double vector
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Circuit-Oriented Modeling Approach
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Switching-Transfer-Function Based Modeling
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Switching and Average Models in abc-Coordinates
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Average Model in D-Q Frame
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D & Q Axes Current-Control Loop-Gains
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Neutral-Point Loop-Gain and Output Impedance
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3. Switching Modeling and PWM
4. Average Modeling
5. Small-Signal Modeling
6. Closed-Loop Control
7. 3-Level Converters
8. Control System Synchronization
9. AC System Interactions
10. Electronic Synchronous Machine (Voltage Controlling Converter)
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s

Phase-Locked Loop (PLL) Controller Synchronization

 PLL finds the angle of the voltage source, so that controller can control the 
variables in correct dq frame
 Controller commands need to be transferred back to abc frame with correct angle
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SRF-PLL
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Small-Signal Propagation Path Through PLL

Two dq frames: system dq frame and controller dq frame
PLL dynamics influence input impedance of AFE
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Small-Signal Model of AFE Impedance 
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AFE Input Impedance Measurement Results
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Output Impedance of Grid-Tied Inverter
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Inverter Impedance with PLL and Current Control
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Outline 
1. Introduction
2. Mathematical Framework
3. Switching Modeling and PWM
4. Average Modeling
5. Small-Signal Modeling
6. Closed-Loop Control
7. 3-Level Converters
8. Control System Synchronization
9. AC System Interactions
10. Electronic Synchronous Machine (Voltage Controlling Converter)
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Synchronous rotating frame

 Standard small-signal 
analysis can be applied, 

like in DC systems
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Stability at AC Interfaces

1- AC bus stability depends on 
output and input impedances

2- Stability must be ensured at 
every interface in the system
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Notional hybrid ac/dc microgrid subsystem
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Energy 
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IBC – Intermediate Bus Converter
MD – Motor Drive
POL – Point of Load Converter

PVC – PV Converter
ESC – Energy Storage Converter



Balanced Three-Phase AC System Small-Signal Stability Analysis—
Linearization
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Balanced Three-Phase AC System Small-Signal Stability—
Generalized Nyquist Criterion
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Selected Types of System-Level Dynamic Interactions: Constant Power Load 
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Selected Types of System-Level Dynamic Interactions: Synchronization
(with power regeneration)
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Selected Types of System-Level Dynamic Interactions: Synchronization
(with power regeneration)
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Notional hybrid ac/dc microgrid subsystem
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Selected Types of System-Level Dynamic Interactions: Aggregate Load Uncertainty

Notional hybrid ac/dc microgrid subsystem
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Instability in Traditional System Caused by Partial Loss of Generation

Large transient causes overall 
system instability due to 

undamped power oscillations 
between Generators 1 and 3.
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during loss of generation transient
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9-bus subsystem
Western Electricity 

Coordinating Council 
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What if Generator at the 
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full-power grid interface 
converter operating as a 
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Outline 
1. Introduction
2. Mathematical Framework
3. Switching Modeling and PWM
4. Average Modeling
5. Small-Signal Modeling
6. Closed-Loop Control
7. 3-Level Converters
8. Control System Synchronization
9. AC System Interactions
10. Electronic Synchronous Machine (Voltage Controlling Converter)
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Average Model of a Power Electronics Converter
- Voltage Source Converter (VSC)-
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Model of a Synchronous Generator   - Salient-pole Rotor (Anisotropic) -
Boiler

Stator

Stator

Rotor - field & damper wind.
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Boiler

Stator

Stator

Rotor - field & damper wind.
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Electrical 
subsystem can 
be combined 
and “coupled” 
to an electrical 
equivalent of
the mechanical 
subsystem…
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Model of a Synchronous Generator   - Salient-pole Rotor (Anisotropic) -
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Supplementary slide
The machine equations can be rewritten into the following form, defining flux

derivatives per rotor position rather than time (the main reason for this reformatting is
to factor out the term dependent on the angular speed):
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Assuming lossless electromechanical conversion from rotor to stator, all of the
power (except joules losses) is delivered from the rotor (Pgap). Lumping this power
into the form of an “equivalent” torque, it could be written:
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d d
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e d q d q q d d d q q
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Furthermore, active power at the machine terminals comprises following
components: joules losses, rate of change of the energy accumulated in the
magnetic field, and mechanical power converted to electrical:
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Electronic Synchronous Machine 
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All that needs to be done 
to emulate a simple 

synchronous machine!

However, for emulation of 
the particular synchronous 
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*IEEE guide for standstill frequency response (SSFR) testing - Std.115A-1987

Ld (s), Lq(s), and G(s) describe 
well an electrical dynamics of 
a synchronous machine 
including: 

 Field Winding
 Saliency
 Damper Windings

Measured point-by-point*
Curve-fitted transfer function

Additionally, mechanical dynamics estimated from 
two slow-down tests (in order to solve for kf and J ):
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Virtual Inertia
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dynamics seen from AC 
side of power converter 
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Experimental Demonstration of the Equivalence 
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Machine and Converter Dynamics Fully Matched!
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System-Level Operation with Real and Electronic Machine Coupled

 Frequency of the AC –voltages and currents directly 
proportional to omega and DC-link voltage!
 Power converter synchronizes seamlessly 

with no PLL required

Load step at ~ 2.5s 
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Gen 1.
(247.5 MVA)
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(192 MVA)

Gen 3.
(128 MVA)
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System with exactly equaivalent
VSM at the bus No.4 features 

same instability!
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 Grid-tied converter not operating at 
peak power but regulating voltage and 
frequency!

Fast-reacting power electronics 
can dispatch necessary active 
and reactive power very fast  

and hence stabilize the system!

21 GenGen
Total

Load PPP 
≈ 180 MW ≈ 370 MW

Active and Reactive Power at the bus No.4 
during loss of generation transient

DC
AC

PV Farm

@ 5s

 Replacing Generator 1 with a Virtual 
Generator behaving exactly the same 
as Generator 1

 However, if converter emulates lower 
inertia, instability can be avoided!

Mitigating Instability with Power Electronics-Interfaced Renewable Generation?
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