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Multilevel DC-AC inverter

Many applications:

* photovoltaic systems

* high-voltage power transmissions
e electric motor drives

Characteristics:
* Controlled AC voltage source
o composed of >2 levels
o drives desired load currents

V. T. T. Lam — Department of Electrical Engineering — Electromechanics and Power Electronics
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Three-level NPC inverter -’

e Applications of few MW and kV

* Phase voltages

Uy = {_vdc,l» Un, vdc,u}

( Load

Labe

e 27 switch positions Us.A
Uagbc = {—1,0,1}3

e (Clarke transformation:

1 1 1] ;
2 2 2
Vap = PVgpc, where P =3 ) i V3
! 2 2 |

V. T. T. Lam — Department of Electrical Engineering — Electromechanics and Power Electronics
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Load current control schemes

Reconstructs
reference voltage

Udc
- Ak~
/ . Z* u’abc —
Direct control: | Controller + | ", @
modulator ~
. ﬁ Inverter
i
Udc
il +
. 7/* U* Ugpe —
Indirect control: ——>| Controller —=>{ Modulator F—> ~
Inverter

i

V. T. T. Lam — Department of Electrical Engineering — Electromechanics and Power Electronics
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Trade-off switching losses and THD

* Direct control: trade-off

* Indirect control: so far performance and constraint satisfaction
* Trade-off done by modulator = focus of this presentation

 Modulators (implicit trade-off):
e Soft switching type modulation (switches around zero currents)
e Discontinuous PWM (reduces number of switchings)
e Space vector modulation (small voltage jumps)

y

&

Eﬂgﬂ%&qmcs _
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Three-level NPC inverter

* Switching constraints
* Not directly between -1 and 1

* In max 2 phase, in opposite T

inverter halves

* Neutral-point voltage
balancing

9 V. T. T. Lam — Department of Electrical Engineering — Electromechanics and Power Electronics
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Space vector modulation

* The closest triangle with v, V5, V3

* For every modulation cycle T:
(1V1q T LoV g T l3V3 4 = Tsvo*c
tiv1,g + LV g + t3v3 8 = Tsvp

ty +t, +t3 =T,

« t,t,t3=0

10 V. T. T. Lam — Department of Electrical Engineering — Electromechanics and Power Electronics



Space vector modulation 0

* The closest triangle with v, V5, V3

* Definet = TL, for every modulation cycle T:
S

?1171,05 + f_zvz,a + ?3773@ = Vg
tlvl’ﬁ ‘I‘ tzvz”g + t3v3,’8 U’B
El + Ez + f3 — 1

¢ El,fz,fg = 0
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Proposed modulation method

* Online adaptive SVM

 Geometrically, any triangle (convex combination)
containing v™* possible instead of the closest one

* The voltage and current paths

(2 i1
V*=1:landI =
vy i

* The ‘best’ triangle chosen that improves loss-THD trade-off

13 V. T. T. Lam — Department of Electrical Engineering — Electromechanics and Power Electronics




Proposed modulation method (cont’d)

 Optimization window L

* For each p-th modulation cycle T,

3 2 3
fp = Wioss,p Z Z Ep,q,r + WTHD p 2 ep q,a p q,8

q=1r=a,b,c

* Choose switching sequence which minimizes f = 21%:1 fp

" ENERGY STORAGE /
7
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Neutral-point voltage balancing

Uq
Y +—"0e
.
 How does neutral-point voltage behave? l
Udc,u XC' —
dvn _ 1 .
dt ZXC n ;—— Un 09— ( Load
. Lat
Vicqg X =
- Udc
)

* Neutral-point current drawn only if phase connected to neutral-point
in = (1 —lugDig + (1= lupDip + (1 — fucDic

* Predict using forward Euler v, (t + At) = v, (t) + At - — i i
C

=

\ EfedfRonics B /f/j’,
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Proposed modulation method (cont’d)

 Optimization window L

* For each p-th modulation cycle T,

3 2 3
fp = Wioss,p Z Z Ep,q,r + WTHD p 2 ep q,a p q,8

q=1r=a,b,c
2
+ an;p Un;p

* Choose switching sequence which minimizes f = 21%:1 fp

* Weights depend whether v, ,, within bounds

" ENERGY STORAGE /
7
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Proposed modulation method (cont’d)

* Integer optimization problem

e 3L decision variables, each with 27 vectors,
so 273L possible combinations

* Solved using branch and bound method

* Every node represents a
triangle (3 vectors)

Power E[ECIFORICSI&CE nergy Storage event

EOMERoNICS ENERGY STORAGE /
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Field-oriented control

Udc
| il +
\Ijr Out ’U: Up _
uter abce —
| control loop —> Modulator > ~,
W, - .
7 2
W, ¢r ’/'
[ M

Y/

7

==
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Parameter Value

Loss-THD trade-off Wioss

WrHp

* SVM (dash-dotted squares) vs oaSVM (solid circles)
* ForL =1, speed w,, = 0.1 pu (left) and w,, = 0.4 pu (right),

an

vn,min

Un,max

Current THD irgp |%)]
=

Current THD irgp |%]
N

0 2 4 6 8 10 0 2 4 6 8 10
Norm. sw. losses P! [%)] Norm. sw. losses P!, [%]

20 V. T. T. Lam — Department of Electrical Engineering — Electromechanics and Power Electronics

1
320
1-10°
—0.04 pu
0.04 pu

29Un | 20238 M8 IICaRgReEcentrum 's-Hertogenbosch



21

Loss-THD trade-off (cont’d)

* SVM (dash-dotted squares) vs oaSVM (solid circles)
* ForL =1, speed w,, = 0.7 pu (left) and w,, = 1 pu (right)
 Same parameters as before

* Infeasibility solvable using longer optimization windows
8 : . : . 8

@
e
—
=p}
=
[

[\

Current THD irgp [%]
.

Current THD irgp [%]
b e~

\\\ ”

0 2 1 6 8 10 0 2 4 6 8
Norm. sw. losses P!, [%] Norm. sw. losses P! [%]

V. T. T. Lam — Department of Electrical Engineering — Electromechanics and Power Electronics

Losses reduced by
29.5% for same THD
forT; = w, =1 pu




Space vector modulation

* Forspeed w, = 0.4 pu, loadT; =1 pu
 Same parameters as before

el ., T~ hill
& 1 | i |
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Online adaptive SVM

* Forspeed w, = 0.4 pu, loadT; =1 pu
 Same parameters as before
* Clamps at high currents, similar to discrete PWM

il ) Wmm" o Mﬁl

1007 1027 1047 1067 1087 1107
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Online adaptive SVM (cont’d)

* Forspeed w, = 0.4 pu, load T; =1 pu
 Same parameters as before

2 006
g Un,max = 0.04
S 004 — — — — T 0 L N
I
S 0.02}
3
20
=
2 -0.02 F
0,
= -0.04 L SR & 1| | S —— N
e T G = —0.04
D _006 1 1 1 1 1 1 |
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Time ¢ [pu]
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Conclusion

Summary

New modulation method online adaptive SVIM

Blend of SVM and discrete PWM, very flexible

Improves trade-off between losses and THD

Balances neutral-point voltage within bounds

Infeasibility solvable for longer optimization windows
High computational complexity, brand and bound method

Future work:

26

Investigate longer optimization window L > 1
Explore other cost functions

V. T. T. Lam — Department of Electrical Engineering — Electromechanics and Power Electronics
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Thank you for your attention!

Contact info

Name: V. T. T. (Victor Truong Thinh) Lam

Organization: Eindhoven University of Technology

Address: Groene Loper 3, 5612 AE Eindhoven
the Netherlands

Email: v.t.t.lam@tue.nl
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