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* Background — why small dc-link drive and active
damping control

* Proposed active damping method — voltage
modulation based

e Discussions — other benefits

* Summary




Background — Why small dc-link drive

Replacing electrolytic capacitors
with film capacitors :

* Improve reliability
Electrolytic Film
Capacitor Capacitor

* Be able to withstand for higher ripple currents

— longer expected service lifetime

* Compact design
— small total capacitance
* Higher voltage ratings
* Be able to withstand for higher ripple currents

It is known as small dc-link drive or slim dc-link drive.
T
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System circuit —— |
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Background — System analysis

The PWM inverter with constant power load (CPL) has an negative
small signal impedance:

2
o=t i =t R R g e Ve
inv inv inv V V + v V V 2 dc CPL i" P

dc dc dc dc dc inv L

The system can be expressed as:

dzVdc_I_ Rgd _ I:)L dVdc+ 1 1— RgdPL V. = Vin 2Rgdp|—
dt* | L, CuVg) dt  L,Cy °

gd

The system characteristic equation is:

R R P
32+(Lgd—CP\L/2]s+L1C El— \g/dzL]:o
gd dc ¥ dc Mgd dc dc /

o /
Vo v

a'10 a20
As P increases, a;, becomes negative value, system becomes instable.
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Background — System setup

7.5kW Small DC-link Drive Example

* Original : two 1000uF 450V electrolytic capacitors series connected
to achieve 500uF 900V ratings, 2.4mH dc-chokes

 Modified : one 14uF 1300V film capacitor, 1.47mH three-phase line
reactor

14uF Film
| Capacitors

Original converter Modified converter
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Grid

Machine
Current (A) Current (A) Voltage (V)

Background — System performance

The natural undamped frequency of the system:

’ 1
Wy = /Ay < L C
gd ~dc

* 785Hz with Cy, = 14pF and L4 = 2.94mH
* 600Hz component will be amplified.
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Background — Why active damping

Performance need to be improved:

e At rated condition, the grid current with
— total harmonic distortion (THD) : 66.0%
— partially weighted harmonic distortion (PWHD) : 74.3%
— May not satisfy the standard (IEC/EN 61000-3-2)

For most industrial drive applications (pump, compressor, etc.):
 Moderate torque ripple is acceptable
 Low cost solution is preferred
— Avoid using extra controlled circuit (passive, sub-passive damping)
* Passive components, e.g. capacitors
* Controlled switches
— Using machine windings (active damping method)
e Current and torque ripples are moderate
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Existing active damping methods

Active damping method 1 — Control machine current reference :

Then li :&:_(Vdid +tiq)i:§<(\/d _a)oLqi:q)Id +Vq(|q +ivq))
Vdc 2 VdC 2

1
Vdc + vdc

_______________________________

- N §(Vq_a)0|—q|d)giqi P2 NN P _|_( .
Vdc :2 Vdc Vdc Vdc Vdc

_______________________________

)vdc

The system characteristic equation becomes:

52++[ <+ : (0i— P2 js+ L (1+Rgd(g— )j:
\ L Coe ' Ve ) \LgdCdc )

gd c

'

& CoN
2 P

: : 2 i >
To achieve a stable system: g>P V2 ,i.e. G 3V, (V, — L, 1,)
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Existing active damping methods

Active damping method 2 — Control machine voltage reference :

Inject Vy =0,V and V, =9,

Then . p B 3194+1,94 P
| Ve

A P

V, =+
)dc VC (

Vdi )vdc

The system characteristic equation become:

R 1 - 1
S ++| 2+ (g )j (1+R (g— ))
[Lgd Cy Vdi \LgdCdc i dec /

. J
Vv

'

CH Ay
2 P
3 Vdc

The obtainment of gy, 9,4, Or 9,4, are system parameters dependent.

To achieve a stable system: g>P N2 ,i.e. (1,0, +1,9,4)2
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Proposed active damping method

Recall the system characteristics of small dc-link drive:

2
iinv = Iinv +ﬁnv = PL = PL ~ PL - Plé Vee = ZCPL :\Zﬁ :_\E
Vdc Vdc +\7dc Vdc Vdc Iinv I:)L
R R.P R R
52+( x PL2]S+ 1 [1— gdzLj=Sz+( o, 1 )s+ : (1+_ng=0
I—gd Cdcvdc ¥Lgd Cdc Vdc / Lgd Cchinv Lgd Cdc Zinv
a10 aZO

if the sign of the small signal impedance can be reversed by using
active damping control:

2
SRR L, Ve Vi
dc dc inv L

Then, the system can be kept stable.
B
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\oltage (V)

Proposed active damping method

The reverse operation can be achieved by reconstructing the

reference voltage v,. usedin SVM as: v, =V, -V,
700
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‘_g AV, N WARAVY — Original +V,
> v ’ ‘| ---Reversed —V,
-200 -
3.79 3.795 3.8
Time (s)
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Proposed active damping method

With the reconstruction of the reference dc-link voltage:

. \T _ Vabc T Vdc + vdc
* Inverter output voltage becomes: Ve =% Ve —Vabcﬁ
Vdc de  Vdc
. — V. +V, - V. +V,
* OUtpUt power IS: I:)L,rec :Vabc,rec ) Iabc :V : \7 : abc Iabc — PLV : \7 :
dc ~ Vdc dc ~ Vdc
e Current drawn from the dc-link:
2
_— PL,reC B Vdc + V. 1 B PL _ PL PL _V_C_\E
Iinv_ _PLV N _V N NV + 2\7dc — ZADP_‘V _P
Vdc dc =~ Vdc Vdc dc = Vdc dc dc Iinv L

. . R P, 1 Ry P
* System is stabilized: s’+| %+ L |s+ 1+ %5 1=0
L Cchdc L dCd Vdc

gd

. J

a12 a'22
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Proposed active damping method

The proposed method can be further extended/generalized as:
* Reconstructed the reference voltage: v, =k V, -k,

~ R + kszLz Ve
kvOVdc kvOVdc

 Current drawn from the dc-link : I,

» System characteristic equation:

R k R
52+( 9 4 kVEL 2j3+ L [l+ VzgdzL]:O
L Cdckvovdc L dCd kvOVdc /

gd g9 c

J

v

a13 a23

The proposed method is named as Virtual Positive Impedance
(VPI) method.
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Dc-link voltage variation component

The obtainment of dc-link voltage variation component V.

Large signal Vdc includes v, or not 518
S
¢ |nC|Ude krlp % 516 Vico
_ 3
Vdc _Vch+\7rip = 514
Vie = Vosci < 600 20E A AN
B S Y PY YOV Y S AVAVANA ATy
g "\ A AV AN AV Y
£ 5000 \ I R
= J V V J V -40 . - - Vet
3785 379 3795 38 » O
k O Time (s) S
[ J N,
Not include, Ky, 2 ol\v’\ VA\ VA\ A vA\ \7
S : 0SCi
Vdc :Vch § -0 gl ‘ J
Ve =V +\7 3785 379 3.795 3.8

0sci :
Time (S)

15 «

EEEEEEEEEEEEEEEEEEEEEEEEEEEE
AALBORG UNIVERSITY



Experimental Verification

Rectifier Inverter

SyStem block diagram: Three-phase Iil T 7
Voltage I 2; = Vg, 4‘\{’} L M
* Vg4 is obtained by LPF Source T s
0,
* V1 is used to represent Vi ! o, | Vee!
V,;, and is obtained by a ’ :
) . PR |«
non-ideal proportional _ o
: Harmonic Detection :
resonant (PR) controller jmm R )
. J|-> K, —'—><| =) Vi
* Vg is controlled by ki, L . C 4
a d Vv | a|
. . : PI d5(d ay
* The damping effect is " v qﬁ V, [SVM :b
. > /o > c
controlled by k 3
V d/ MPN
dt P
lo o |V
r q AbCle |C
«
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Experimental Verification

Small dc-link drive without active damping control:

e Rated condition: rated speed (1500rpm 50Hz)
rated torque (13.9A load)

Tek Prevy 21.00Hz Moise Filter

. o
: it
ks

J—

by - E E i it ]
[4.00ms D 7604 =10Hg : :

10,0 & &BFME BT A :
& 1y @ean Sy 3 L 12:43:25
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Experimental Verification

Small dc-link drive with VPI active damping control:

e Rated condition

* k., =0, Kk, =1 (with reversed V,_as shown in P12)

rip

T A

: T [4moms |G 70 A =10 H

10,0 & &BFME  GEEA :
& 1y @ean 5y EF-rk 144y 12:53:10
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Experimental Verification

With VPI active damping k;;, = 0, k, = 1

Without ac

tive damping
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Tek stop

21 UMH: Nmse Filter
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Experimental Verification

With VPI active damplng Keip = 1, k, = 2

On-line enabling of
VPl active damping k;, = 1, k, = 2

Tek Frevu 21.0MHz Maise Filter
T T T
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Experimental Verification

VPI active damping performance at rated conditions

Control Vg variation |Vyag0  [Vaesoo  |Grid current  |Grid current  |Machine current
configurations (V) (V) (V) THD PWHD THD

No damping 533 726  66.0% 74.3% 5.3%
kip=0,k, =01 147 531  29.0  40.4% 39.3% 6.4%
kip=0,k, =12 118 531 140  37.3% 34.0% 10.5%
kip=1,k, =03 160 56.8 334  44.2% 46.5% 3.9%
kip=1,k =1 135 578 199  40.6% 43.4% 4.2%
kip=1,k,=2 126 584 145  39.5% 41.4% 4.8%

1. SetV, =V, can already help to damp the system
2. Damp of V0o will cause large machine current ripples
3. Active damp without V,;;; may improve the machine current THD
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Discussions — Other benefits

Over-modulation control:

e Due to variation of dc-link voltage, the total duty cycle D varies
for same voltage output.

 When without active damping, considering the worst case

2 .
vV | |

D = Yo ~'3(v2+v2 iz—% dcj A—Z—AVG,C
dc//\/_- \/dc | \/dc \/dc

________________________

* When with VP control with kK, = 1, it can be found that

‘Vd 1‘ 2 1+k i 2A
D =| - =D |1+ y A ~A+V—k\7dc

dc dc

V, K,+k : :
where Vy,; =P -V o ® kdq£1+ Izovvv“j’ P is dg transformation.
vO v0 " dc

* Kk, =0 to minimize the duty cycle variation for the worst case.
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Summary

e Characteristics of small dc-link drive is analyzed

 Summary of existing active damping methods
— System parameters and operation condition dependent
— Control parameters should be tuned carefully to stabilize the system

* VPl active damping method is proposed
— System parameters and operation condition independent
— System can always be stabilized
— Control parameters are used to control the performance

e Extra control targets can be achieved by VPl method

— Over-modulation control
— Etc.
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* Any comment?

Thank you!

= =t NENS
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