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13.2 Fully Controlled 3-Phase
Bridge Converter

ildc
‘i l .l lbdc .l icdc
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v ias v ibs v iCJ

Figure 13.2-1 The three-phase bridge converter toplogy.
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One Phase Leg
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Phase Leg Equivalent Circuits

xg xg g
(a) Upper switchon ; (b) Upper switch on ; (c) Upper switch on ;
i >0, i <0. fy=0.
E *'!.xd'c =0 + +‘I:m'c =0
iy <0 iy =0
Ve ' +
Vag
(d) Lower switch on ; (e) Lower switch on; (f) Lower switch on ;
i.>0. i.<0. i.=0.

(g) Neither switch on ; (h) Neither switch on ; (i) Neither switch on ;
i >0. i, <0. i, =0.
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Phase Leg Voltages and Currents

Switch On Current Direction

Vxg Ixdc
Upper Positive Ve —Vsw Iys
Negative Ve +Vg Ixs
Zero Vyc Iys
Lower Positive —Vy 0
Negative Vsw 0
Zero 0 0
Neither Positive —Vy 0
Negative Ve +Vq Iys
Zero Ve!2 0
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Line-to-Line Voltage and DC Current

e Line-to-Line Voltages

» Vabs =Vag ~Vbg (13.2-1)
» Vbes =Vhg ~ Vg (13.2-2)
> Vcas = Veg —Vag (13.2-3)

e DC Current
> Idc =ladc + Ibde + ledc (132'4)
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Line-to-Neutral VVoltage

 From Fig. 13.2-1

> Vag =Vas tVng (13.2-5)

» Vbg =Vbs tVng (13.2-6)

> Veg =Ves +Vng (13.2-7)
e Adding

1 1
»Vng = §(Vag +Vpg *Veg) —é(Vas +Vps +Vcs) (13.2-8)
e Or
1

Fall 2005 EE595S Electric Drive Systems



Line-to-Neutral VVoltage

- IFF (IFF!)

e Then
> v, = %(vag + Vg + V) (13.2-10)
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Line-to-Neutral VVoltage

Backsubstitution of (13.2-10) into (13.2-5)-
(13.2- 7) ylelds

1 1
2 1 1

> Vbs =3Ybg ~3Vag ~3Veg (13.2-12)
2 1 1

> Ves :éch —éVag —éng (13.2-13)
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Calculation of QD Voltages

* \We do not need line-to-neutral voltages to
find QD voltages !
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13.3 180° Voltage Source
Inverter (VVSI) Operation

e Comments:
» SIX-step operation
» 120° VSI used at one time
>
>
>

Fall 2005 EE595S Electric Drive Systems

11



Line-to-Line Voltages
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Line-to-Neutral VVoltages
(for v,=0)

T1,T4
T2,T5
T3,T6
t
T“d{
L
I
Vi 7 v
I
Tvd'c
il 1
T T T
Ly
| F5, LY N ey I
L L I
I 4[ |
| * %vdc _I_
Y I : : :
I I 2‘.
_m
f f f ; J f i
0 n 2n n 4n 5m 27
3 3 0 3 3
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Voltage Spectrum

 Line-to-line voltage

> Vabs = 2—\@de cos(6; +%) + (13-3'1)
VA
243 @ 1 . T 1 . T
7Vdc jz_ll(_Gj—lCOS((GJ -1)(6 +g)) + 6j+ 1005((61 +1)(6c +E))j

 Line-to-neutral voltage

o ((_1yJ+L Y
> Vas =Ev0|C coch+gde > ( 1_) cos((6] —1)9C)+( _1) cos((6]+1)6)
T T A 6)-1 6)+1

(13.3-2)
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Voltage Spectrum
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An Example

« Load: Balanced, wye-connected, series RL
»R=20Q
>L =1mH

 DC Voltage: 100 V

* Fundamental Frequency: 100 Hz
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ABC Variables for 180° VSI

100 ~

Vas 0
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QD Variables
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QD Inverter Analysis of 180°

V3l

* QD Voltages

> 2 © -1l

2 :
Vgs = Vdc—Vde X 5 c0os(6j6)

2 © 12 ...
> vgs =;v0|C Z -ZJ sin(6]6;)

» Average-Value Analysis
2
» Vgs:;Vdc
> Vc(l:s:O
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Calculation of DC Current

 \We have

» Pin=lgcVdc

3 : .
> Pout = E(Vqs'qs +Vdslds)

Vdc

o Approximately

>

Fall 2005
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Return to Previous Example

e Change resistance to 1 Ohm
e Find DC Current

 Voltages
»Vo= 63.7V
»Vy4. =00V

e Currents
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Return to Previous Example

e Results
1=45.6 A
>i4=28.7 A
>i,,=43.6 A

Exact Answer
>i,,=43.9 A
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13.4 Pulse-Width Modulation

e Current Capability

e Desire
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Pulse-Width Modulation

S1 —\ -
__J/

—|>°— T4

S2 —\ -
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Waveforms for Pulse-Width
Modulation

.o VTV

o 1
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Analysis

o Comparitor output

$ c=d+2d 3 sinc(kd)coskdy (13.4-1)
k=1
* Where
> POy = o5y (13.4-2)

e Multiplying (13.4-1) by (13.3-2) yields
» (next page)
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Ahhhh....

® v.= Zd;dc [cos@c + § [(_1)j+1 cos((6j —1)6;) + (1)’ cos((6 j +1)49CD (13 4'3)

j=1 6j—1 6j+1

2d o
Vg > sinc(kd)cos(kfgy — ) +

- w (¢ yJj+l -1
20§ sin(ha) T | {5 cos(ky — (61 -1) + 2 c0s(kéy — (6] + 1))
T ka o jal 8i-l oI+t

2d 2 .
+ Vg Y sinc(kd)cos(kbyy, + ;) +
T k=1

o o (( i+l _1)}
20 Fsingkd) 5. | S —cos(ky + (61 -16) ++--cos(ky + (6] +16)
T k=2 j=1{ 61-1 oi+d
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Points of Interest

e Fundamental Component
> as|fyng = = Vo €056 (13.4-4)

* QD Voltages

> Vg = dvge (13.4-5)
> v =0 (13.4-6)
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An Example

» Load: Balanced, wye-connected, series RL
»R=20Q

>L =1mH

 DC Voltage: 100 V

* Fundamental Frequency: 100 Hz

e Duty Cycle: 0.628

e Switching Frequency:3000 Hz
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ABC Variables for 180° VSI
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ABC Variables for Duty-Cycle
Modulation
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Pulse Width Modulation
Summary

e Good News
e Bad News

« Applications
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13.5 Sine-Triangle Modulation

e Features
» Adjustable Voltage Magnitude
» Adjustable Frequency
» Low Low-Frequency Harmonic Content

Comments
» Originally Meant for Analog Implementation
» Digital Equivalents EXxist
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Gate Signal Controls

=]
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Operation of A-Phase Leg




Analysis

e Important Concept: The Fast Average

> i(t):Tl fT x(t)dt (13.5-1)

SW

e \We can show that

- 1
» Vag = §(1+ da)Vdc (13.5-2)
> Vpg = %(1-% dp)Vqc (135-3)
> Veg = %(1+ de)Vdc (13.5-4)
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Analysis (2)

 Lets specify duty cycles as

> d, =dcosé, (13.5-5)
> d, =dcos(é, —2?7[) (13.5-6)
» d. =dcos(6, +2?ﬂ) (13.5-7)
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e Thus
" 1
> Vas :EdVdc
> \7((1:5 =0
Fall 2005

Analysis (3)
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An Example

» Load: Balanced, wye-connected, series RL
»R=20Q

>L =1mH

 DC Voltage: 100 V

* Fundamental Frequency: 100 Hz

e Duty Cycle: 0.4

e Switching Frequency: 3000 Hz
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ABC Variables for Duty-Cycle
Modulation (d=0.628)
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Sine-Triangle Modulation




Limitations of Sine-Triangle
Modulation

 Sine Triangle Modulation
» Range for duty cycle:
» Range for peak voltage (of fund):

Duty Cycle Modulation:
» Range for duty cycle:
» Range for peak voltage (of fund.):
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Overmodulation

ag

=
o
=
&
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Analysis of Overmodulation

 Line-to-ground voltage

1
» Vag :<§(1+ da)vge —-1<da<1 (13.5-16)
0 dy <1
_Vdc , 2Vdc
> ‘Vag‘avg+fund N 2 + T f(d)COS@C (135'17)

> f(d)=;\/1—(3j2+id(7z—2arccos(jn (13_5_18)

Fall 2005 EE595S Electric Drive Systems 44



Analysis of Overmodulation (2)

e Thus we have

> v =29 1(d) d>1 (13.5-20)
> V3 =0d>0 (13.5-21)

Fall 2005 EE595S Electric Drive Systems 45



Overmodulation (d=2)

100 -
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13.6 Third-Harmonic Injection

e Objective ...
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The Plan

e Suppose
» dgy =dcos(f;)—d3cos(36;)

» dp =dcos(6, —%ﬂ) —d3cos(36,)

» d;=dcos(b; + %ﬂ) —d3cos(36;)
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Results

* \Working for a little bit ...

e Therefore
> VS = %dvdc
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So What ?

e Consider this

e Thus
2

> dsﬁ
e Result

» 15% Increase in Available Voltage
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Space Vector Modulation

e General Comments

» About Same Performance as Sine-Triangle
(with 3rd)

>

>
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Modulation Indices

e |[nstantaneous
> mg =Vg/Vgc
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Space-Vector Diagram

State 2
State 31§ Sarsteip o

2 /

\7,8 1
3 State 1 .
State 4 &< - >e m, axis

Sector ,/ |\ Sector
4 6

/ Sector
State 5 State 6

m, axis
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Space Vector Diagram

Table 13.7-1 Modulation indexes versus state.

Sttt T1T4 T2/T5 T3/T6 Mg,x Md

1 1 0 0 2/3¢0s(0°) —~2/3sin(0°)
2 1 1 0 2/3c0s(60°) —2/3sin(60°)
3 0 1 0 2/3cos(120°)  —2/3sin(120°)
4 0 1 1 2/3cos(180°)  —2/3sin(180°)
5 0 0 1 2/3c0s(240°)  —2/3sin(240°)
6 1 0 1 2/3c0s(300°)  —2/3sin(300°)
7 1 1 1 0 0

8 0 0 0 0 0
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Space Vector Modulation Algorithm

e Step 1 — Compute Commanded Indices

> mg =vg IV (13.7-3)

> m§*=V§*/Vdc (13.7-4)
e Step 2 — Compute Commanded Magnitude

> m = \/(ma*)z + (mgl*)2 (13.7-5)
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Space Vector Modulation Algorithm

e Step 3 — Limit Magnitude of Command

1
m = —
> max( \/é

> ma-:<

*!

> Mg =+

Fall 2005

*x*
M < Mmax
x*
mq x*
* M > Mmax
m |
x*
M < Mmax
x*
md *
* M > Mmax
m |
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Space Vector Modulation Algorithm

o Step 4 — Compute Sector
angle(mal — jmgl)BJ

(13.7-9)

T

e Sector = ceil{

e Step 5 — Compute State Sequence
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Space Vector Modulation Algorithm

Table 13.7-2. State Sequence

Sector Initial State (o) 2" State (#) 3" State (7 ) Final State (&)

1 7 2 1 8
2 7 2 3 8
3 7 4 3 8
4 7 4 5 8
5 7 6 5 8
6 7 6 1 8
1 8 1 2 7
2 8 3 2 7
3 8 3 4 7
4 8 5 4 7
5 8 5 6 7
6 8 1 6 7
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State Vector Modulation Algorithm

» Before contmumg

t
> =" mg g g, (13.7-10)
-I;SW TtSW
> My :Timd T:W My ¥V (13 7-11)
e Step 5 - Compute Time In Each State
> D—mq”gmd,y—mq,ymd”g (137-14)
> tp=T,(mq,,mg ~mg,,mq)/D (13.7-12)
> ty:TSW(—md,ﬁma'+mq,ﬁm§')/D (13.7-13)
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State Vector Modulation Algorithm

Step 6 — Compute Transition Times

> ta=(Toy—tp—t,)/2 (13.7-15)
> tg =ta +tﬁ (137'16)
> tc =1p +'[7/ (137-17)
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Modeling Space Vector Modulation

e Comments:

e Thus
> Vgs :ma*vdC (13.7-18)
> V5 =My Ve (13.7-19)
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Hysteresis Modulation

e The Good
» Current Source Based Method
»High Bandwidth Control
» Readily Implements Current Limiting

The Bad
»No Control Over Switching Frequency

Fall 2005 EE595S Electric Drive Systems
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State Transition Diagram

. o*-
i <i*-h
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Typical Waveform
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An Example

« Load: Balanced, wye-
connected, series RL

»R=20Q
»L=1mH

 DC Voltage: 100 V

 Fundamental
Frequency: 100 Hz

* i. =19.1cos(6. —17.4°)
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Typical Waveforms
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Limitations of Hysteresis
Modulation

 Voltage Constraints
>
>
» Thus

> Vspk <& (13.8-1)

3
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Delta Modulation
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13.10 Open Loop Voltage and
Current Control

e Glven

»Commanded g- and d-axis voltages

»DC Voltage

» Position of Synchronous Reference Frame
Find

>d
>0

C
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Open Loop Voltage Control for
Duty Cycle PWM

e Consider
_VSS_ :{ C0SHOse  Sin ece]vgs_ (13.10-1)
_Vgs_ —SINGe COSHOre _Vgs_

 Where
Oce = O — e (13.10-2)
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Open Loop Voltage Control for
Duty Cycle PWM

_Vg"s‘_ :{ COS e sin ch} ;dVdC_ (13 10_3)

—SINGpe  COSOce

« Manipulating

Fall 2005 EE595S Electric Drive Systems
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Open Loop Voltage Control for
Duty Cycle PWM

e Thus
d= 7 b b (13.10-4)
dc
Oce = angle(vés — V5,) (13.10-5)
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Open Loop Voltage Control for
Duty Cycle PWM

o*
[ S— 1

-y %) %9 NN

L L oo — ) O_/_ —>d
Vds 7] D

Vie == Hpp(s) >

9 -
:jangzewzﬁ—wé;“) SRS >,
_|_
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Open Loop Voltage Control for
Sine-Triangle PWM (with 3")

N

o ;]
o J(Vqs) +(v s)
Vds 7]

3
N e
H

S

D
1
Vie D HLpr(s) — 5 0.192 > d3
e* . e¥ Oce N
| angle(vgs = Jvis) 2 >0,
_|_
O¢
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Open Loop Voltage Control for
Space Vector Modulation

e From the frame-to-frame transformation

Va: = VS; c0sH, + vSZsin Be (13.10-6)
V3, = —VEs Sin e + V5, COS6, (13.10-7)
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Open Loop Current Control

e From Inverse transformation

1

inhes = K ig’(;OS (13.10-8)
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Closed-Loop Current Control

e Current Source Based Current Control

» Voltage Source Based Current Control
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Closed Loop Current Source Based
Current Control

fo- > 2 > 15
_I_
e 4 1
fi—A2 )
th AL > 1
_I_
u 1
fi— AL 0
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Analysis

e Start with

e Thus

fe* — f**_ 1 .I:e (1311'3)

e ,err
| | 7,5+1 |
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Closed Loop Voltage Source Based
Current Control

.e¥ )| e*

iq " K;.(1+TFS) +)@ >V,
- +

ig = Hrpr(s) Lt @ di

SN
*
+
e
—~
[a—
+
E‘Q —_
R
AN
3/
@?%
I
=
Sl.(‘b%

<
T
o
'—U
3
~
ta
~
~
h-;_]
AN
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Analysis

e Assumed Load
VCe]S = Wep LTigs + Lt pigs +eq'|'

e e €
Vys = —@elTlgs + LT Plgs + €47

Thus
. _ K, (z,5+1)ig —7,5€5

gs
LTrr(s2 LY ]

T L.z,

Fall 2005 EE595S Electric Drive Systems

(13.11-7)
(13.11-8)

(13.11-9)

81



e Note that

Pole Placement

Kp =Ly (s1+52)

1 1
Tr =—+—

1 S2

 One choice

Fall 2005
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