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1. Introduction

( )
Electrolytic capacitor

Short lifetime
Affected by ripple
current

Low reliability

Film capacitor

Wind Power
Generation

Long lifetime
Less affected by ripple
current

High reliability

\.

Replacing electrolytic capacitor with film

capacitor can reduce system cost, improve Electric Vehicle Household
power density and extend system life. appliances
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1. Introduction Ea
i > Benefits :
g NN AN— 4;{} q,)} q,)} Capacitance can be reduced to 1/50
@ u_d;_-—f ‘T - e Better performance in grid currents
A A 1§‘2§§Z§iﬁ?° 1 *@ *Y}} Higher reliability, lower cost and volume

Conventional motor drives
B Challenges :

1. Beat suppression technology

i, AN 7

2. Torque harmonic suppression

@ﬁ- udCT;: A~/  3.Anti-overvoltage control
Al

¢
3
teos)
T
el

N N N *g *5} 4. LC resonance suppression

— (s E\/E 5. Overmodulation technology
6. Low harmonic flux-weakening method

Electrolytic capacitorless motor drives
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2. Beat Phenomenon in Drives With Small Capacitors;,

uuvw

=

e

L
N A @S *G
Ugrec + a -
vV udc—:CdC C-w
w
AN A ZSSlimcapac_itZ 1 ﬁ} qﬁg

—_

Topology of PMSM drive with
small DC-link capacitors

@ Due to the fluctuation of DC-link voltage,
there exists beat phenomenon problem in
the phase current.

¢ The motor current is introduced additional
harmonics at the frequencies of 6 w;-w,
and 6w, + w..

9/18/
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Fluctuated DC-link voltage

Uy =Ug o+ iUdc’k sin (6ka)gt + @, )
k=1

Motor voltage at dg-axes

a4 . . [0) ) 1
1+—sin sin| 6w t—-% | |sin
I 35 (¢d) ( g 2 j:| (¢e)

. 4 : ®,
u || 1+—sin sin| 6w t——= | |cos
S |: 35 ((Dd) ( g 2 J:| ((De)_

.
Phase current

=1y +Z ak +lak+ =1, sin(a)et+(0e)
k=1

+k2=;{[k_ sin [(6ka)g -, )t + gok_]

+1,, sin [(6ka)g + o, )t + ¢ ]}




2. Beat Phenomenon in Drives With Small Capacitors;,
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f=62 Hz
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Time(s)
10 pep
—_ f=74 Hz
20 =02 A
~ [,=0.3 A
-10 ‘ ‘ '
0 025..05. 075 1
Time (s)
o PR IR -
— f=74 Hz
<o ‘ =04 A
< 1,,=0.6 A
-10
0 025_.05_ 075 1
Time (s)

Phase current under different
fundamental frequencies and harmonics
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Composition points of beat envelop

=-I cos[6ka)gt T @t (pk-]
+1,, cos[6ka)gt —¢.t ¢k+]

t= (27N+7/2-9,)/w,

=—1I,_cos [IZkﬁNa)g [0, + @y + @, + (pk_]
+1, cos[l2k7zNa)g/a)e +o, —@ + (ka

N=0,1,2,-

> The beat envelope is formed by the
local maximum value of the beat
current;

> Beat frequency and amplitude are
determined by harmonics and phase
difference.




2. Beat Phenomenon in Drives With Small Capacitors,gf'm

> Beat frequency > Beat amplitude
v, =27d, [(27/0,) =0, R, ~R(R,)] I, = \/Ilf +17, —21, I, cos(2¢, + ¢ —o,.)
100

“ AN/
[\ /

250 Without beat vphemomemon

NN TN
5

N -7 N N

100 150 200 L M. 0.3
Je (Hz) “U o101 LB
Beat frequency under different Beat amplitude under different
fundamental frequencies amplitudes of harmonics

(D The motor currents do not show the beat phenomenon when the fundamental

frequency is the common factor of 6kw,;

(@ The beat amplitude is proportional to the amplitudes of harmonics.
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2. Beat Phenomenon in Drives With Small Capacitorsg?'m

dg-axis actual voltage ripple
Aug | | Ri+pLy  -oL, || A
Au,| | oL, R+pL | A

dg-axis reference voltage ripple

e ’ A 4 N -~
Response

L]

«(beat current) _
{Audref}: e {—Gd —a)eLqMAid}
Model of the electrolytic capacitorless drive Al ey oly G || AL
—
Ratio between dg-axis current
Relationship between actual and and DC-link voltage
reference voltage ripple s
Wd:| (1 —€ o ) |:Udref0A2q o UqrefOAlq
—1.557, -
|:Aud } _Jon |:Audref } N (1 = )A“dc |:Udref0 }} W,| U, [Aqum — AZdAlq:I UgenAig = Ugrern Ao
Auq Auqref Uch UqrefO Ald Alq 1 Rs + pLd _a)eLq
{ cosl.5w.T, sin1.5a)eTS} 4, A, ‘| ol, R+ rL,
—sinl.5w, T, cosl.5w,T g G, ol
-0, L, Gq
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2. Beat Phenomenon in Drives With Small Capacitors,g?'m

> Influence of the rectified voltage on > Amplitude of the beat current
the stator current

U K | [Wal +Wul —2c0s(20, + 0, -0 )W,
I, _|Kmk|. |de|2+‘qu‘2_2005(2%_’_%-_¢k+)[|de|4 I, - g| mk| | dk| ‘ qk‘ ( k k)| dk|

TGO =D\ |, [ 42wy W, [ cos2 (W - 2w 1

Ut V2 +‘qu ‘4 + 2‘dequ ‘2 c0s 2 {Lde LW, }]0‘5

0.5

—— 200 Hz ”
0.4 |- - — 300 Hz /\ kot
R 400 Hz \ Eg
g}o 3| === 500 Hz / ,.\ é
% 0.2 7 \\\ Bandwidth increases - %
7 e N E
o
O‘ ; L O
107 10 3
Frequency (Hz) Harmonic order &
Ratios of 4,/ Uy« With different Amplitude of harmonics in the
bandwidths of the current controllers motor current

(D The increase of the bandwidth can reduce the beat current at the frequencies of 6w,
and 12,3

(2 The harmonics related to 6w, and 12w, are the dominated components.

9/18/2023 10



Content ,!3?"“

1. Introduction

2. Beat Phenomenon in Drives With Small Capacitors
55~ 3. Beatless Method Based on Impedance Reshaping

4. Experimental Results

5. Conclusion

9/18/2023 11



3. Beatless Method Based on Impedance Reshaping 7},

Goal

1. Reshaping the impedance
between the dg-axis current and
the DC-link voltage;

2. Improve the adaptability of the
beat suppression method

pcim

L P . Np————

Control process

1. Obtaining the inherent harmonics
of DC-link voltage by bandpass filters;
2. Generating the adjusting angle with
the motor speed and the q-axis
current;

3. Adding the adjustment angle to the

current vector angle.

9/18/2023
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a)eref
+ &
a)e

control

1

PWM
Inverter

________ \‘___ =

|
Angle | :
adjustment

Position and
speed observer

-
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luis > l[iis

Beatless Method Based on
Impedance Reshaping
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3. Beatless Method Based on Impedance Reshaping pcim

Equivalent feedback currents
after angle regulation

{1@70 + Ai@} ) [1(1,0 +e 03T Azd.+ 1,,A0, !

Lo+, | |1, +e_0'SSTSAlq= Iy, A@e'

—sT;

- Current controller _(1_1)_

Additional adjusting currents

Small-signal model with the

. . Ratio between dqg-axis current
impedance reshaping strategy

and DC-link voltage after control

¢ Regulation of current vector angle is {dead} B [Wd}r e G [—Iq,OGdA2q ~1,,G A, q}
equivalent to introduce additional Woaa | | W] AyAyy— Ay Ay | 130G A, +1,,Gi Ay

adjusting currents, whose amplitudes

vary adaptively with the operation —

condition. Transfer function from adjusting
@ Transfer function G, 4 is hard to angle fZTDC-Imk xotage

realize, which needs to be further = AG. _ (e S _1)(Udref0A ~UgeroAia )

designed. Ay, Ugeolq0GaAag

9/18/2023 13



3. Beatless Method Based on Impedance Reshaping

Bode diagrams of G, 4 before
and after the design

> Steady state values w, and /,, in
G,..q4 can be separated out to
improve the adaptability;

> The frequency characteristics of
G, ..q before and after design are
close at 6w, and 12w,

delay:

9/18/2023

Proportional| ™~
coefficient:

Equivalent 2/
mvl = R -

pcim

ASIA
2 -40 -
@ / ,/7% N — vV . . .
s 60 -7 LT ~ Before design | G,,..4 ignoring the resistance loss
B - i l RN —
= \ . \ 7
= _goh After design vt 1.5, 2
g 6 ) Do (k2) - (RI+ 0w, )(R+Ls+e """ G,)+alLL 1,
, d~ s
_108 | # x X : (jdc,OIq,Oa)eLde/(1 o 61-5 . )
%0 _100— 1 N~ I\\\ E \\\ E \\‘
é/ 2200 ' RN Lo I
£ 300 - = - _ _ ol f "/:, « G,..q after design
400 260)2 (k=1)— = ,12@23%2) N
— —V.om LS
10 Frequency (Hz) 10 G...=B (I/Iq,o +N,o, ) (G

+B, (1/ 1., + N0, ) Gypppe "

_ J9ke, T,

‘le

e (K y + j6KK 40, )~ 36Lk* 0] + j6kR @,
LdUdc,o |Kid + j6kKPd wg|
6kL,L, @,
e et (Kid + jOKK o, ) = 36Ldk2wg2 + jOkR, @,

|

Ve

N, =

Ve

G s (J60,)
60,7,

G, (J120,)
120,T,

m ., =

> V2

2/
Rl -

|
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3. Beatless Method Based on Impedance Reshaping pcim

ASIA
Stator harmonics and DC-link fluctuation Amplitude of beat current after control

|deadk |2 + ‘quadk ‘2 +2 ‘deadeqmadk‘ |deadk |2 + ‘quadk ‘2 - 2COS(2(0€ + o — ¢k+)

> Z W Z W Vi — M 4 4 2
1 KT -SIn { dmadk qmadk} plnad 72-(3 6k2 — 1) . |deadk| v ‘quadk‘ + 2‘deadk quadk‘
Usgex 2 1008 2{ LW,y = LW g}
0.06 | |
—— Before ﬂ N
50.04|— After A oL | Dl | — |
Q. l/ ‘J: 5] l:] ]b],mad 0.6 .:][E)Z,mad
~0.02 s N =
/*, )ng (k=2) = 3
== ow, (k=1) ¥ e =22 =04
0 3 2 &
10° Frequency (Hz) 10 5 =
0.015 T 2 1 502
— Before 3 5
m 013 m 0k
73 75
jk% 30 jk%
l 20, (k=2)
6w, (k=1) S
oS e Z
10 Frequency (Hz) 10

h+/ Uy before and after control Beat harmonics under different conditions

» The proposed impedance reshaping based beat suppression method with the

designed coefficients can work effectively in a wide speed and torque region.
9/18/2023 15



3. Beatless Method Based on Impedance Reshaping pcim
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Rectified voltage and DC-link voltage Rectified voltage and inductor current
with the method with the method

Au, 1 Ai; Y +C.s
Kmmad = == Kgmad = = - -
Attyee 1+ (Lys+ R, ) (¥ + CoeS) Attyey 1+ (Lys + R, ) (¥ + CoeS)
a 20 a 0 //’\\
2 Z-10 1 -Q%
R Py 3 L e N
.:% 0 '5-20_"‘5_,__,,_,_: T ‘*‘;-17.;\‘
gn '=-30 } 12¢ =
3 6w S 20 6We. FWg
2'20 RS o 2 —40 . \ﬁ }/
200 S ——— m 200 :
o L e [ S _ 1
o0 — / b @ 100 """"“’G-"'/'.h
3 Original A < |—Original
o 01— Method in [24]f § o Oj— - Method in [24] |
g Method in [19]f # - £_100r-Method in [19]
— —Proposed |l — —Proposed
20 10 =% 10
Frequency (Hz) Frequency (Hz)
Bode diagrams of K. 4 Bode diagrams of K,,.q

> The harmonics of the DC-link voltage and grid current related to the frequencies of
6w, and 12w, can also be suppressed;

» The damping performance is close to that of conventional damping method.

9/18/2023 16



Content ,Qf'm

1. Introduction

2. Beat Phenomenon in Drives With Small Capacitors
3. Beatless Method Based on Impedance Reshaping

5~ 4 Experimental Results

5. Conclusion

9/18/2023 17



4. Experimental Results gf'm

<«— Before control ——»—— Affer control —»| 1« — Before control —>{« — After control —»

1<umwm>/' | isGAMdvI_

CRGAMIL

(20A/iv) _iy(20A/div)

Til;le ('S(Zj()lns/c{i\-=) Tilﬁe (5(1)(1)1ns/c{i\7)
Experimental results with the Experimental results with the
impedance reshaping at 74Hz conventional method at 74Hz

» The amplitude of the low-frequency envelop with the impedance
reshaping can be suppressed from 1.2 A to 0.2 A, and the peak-to-peak
value of the DC-link voltage ripple falls from 120 V to 85 V.

> The peak-to-peak value of the DC-link voltage ripple increases from
120V to 153 V, which means the LC resonance is aggravated by the
conventional method.

9/18/2023 18



4. Experimental Results gf'm

L 4 A <«—— Before control — » 4 — After control ——»

.| FFTofj,

i(A)
)

g\fa(;zoA/qiv)

0 . A 0 : |
0 750 1500 0 750 1500 Time (200ms/div)
Frequency(Hz) Frequency(Hz)
FFT of the phase current before and Experimental results with the
after |mpedance reshaplng at 74Hz impedance reshaping at 62Hz

» The harmonic at the frequency of 226Hz can be reduced from 0.46A to
0.19A, and the harmonic at the frequency of 674Hz can be reduced from

0.08A to 0.01A.
> The impedance method remains effectively at the motor frequency of 62 Hz.

9/18/2023 19



4. Experimental Results

1.25

S
o ]
(9 9] —_

Amplitude of beat envelop (A)
=)
)

Experimental results before
control with film capacitors ™\

N ""

-

Theoretical results before

pcim

03]

S

control with film capacitors

| Experimental results after

control with film gcapacitors

Theoretical results after
control with{ilm capacitors

- =¥ =X O SO Tty —-':-:ﬁ I
%e‘-;;:': sl ':‘-'5'-";*-1:@$'e'ﬁme al res*lilzs with
; electrolytic capacitor
1.7 22 27 32 37 42 47 52
Power (kW)

Amplitude of beat envelop under
different output power conditions

(OS]

THD of a-axis current (%)
[\

.
T

ASIA
T T T T i T 1 00
Origina :
— With the method
A—A'G/e\e S
e ‘1* - - *
/ 3 95 Pt Seai Sr o
e Conventional =7 5 *
N éi * y
% \L._.-x----'*’ﬂ"*"'* Gé (/ Without the method
yer X _4--%| 890
g-d-k-bedF g
Proposed

1.72227323.742475.2
Power (kW)

Motor current THD and system
efficiency under different output powers

5 L I L L
1.72227323.742475.2
Power (kW)

» The amplitude of the beat envelop can be reduced to 0.25A, and THD of
the phase current can be reduced to 1.5% after using the proposed

method.

> The system efficiencies can be increased by over 1.5 % with the
proposed method in the output power between 1.7 kW and 5.2 kW.

9/18/2023
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5. Conclusion

» The small signal model has been constructed to show the generation of
the beat phenomenon in an impedance perspective.

> An impedance reshaping method for dominated harmonics, which is
immune to the steady state values of the motor speed and g-axis current,
is proposed by regulating the angle of the motor current vector.

> The proposed beat suppression method will not aggravate the LC
resonance and increase the harmonics in DC-link voltage.

9/18/2023 22
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Thank you for your attention!
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