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Adaptive optimization design strategy for parameters of high-frequency
injection method in modular multilevel converters

LOU Xujie, XIAO Fei, REN Qiang”
(National Key Laboratory of Electromagnetic Energy, Naval University of Engineering, Wuhan 430033, China)

Abstract; Modular multilevel converters exhibit significant capacitor voltage ripple under low-speed, high-torque operating conditions.
Existing high-frequency injection suppression schemes increase device current stress and losses while introducing overmodulation risk, and their
parameter optimization lacks full operational-condition adaptability. To resolve this issue, a high-frequency injection parameter adaptive optimization
strategy considering multiple constraints was proposed. Based on system characteristics and a steady-state model, a variable-step gradient descent
algorithm was employed offline to generate a minimum injection-amplitude base parameter reference table that satisfies both capacitor voltage ripple
and modulation wave constraints. Subsequently, an online adaptive correction mechanism was designed. Injection parameters were dynamically
adjusted in real-time according to acquired capacitor voltage ripple and modulation information, compensating for model deviations and operational
variations, forming a coordinated architecture of offline global optimization and online local refinement. Simulation and experimental results show
that the proposed strategy maintains the capacitor voltage ripple suppression effect while significantly reducing high-frequency circulating currents
demonstrating dynamic tracking capability for the optimal objective.
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drive system
# fH SR {H
HF&HE/V 400 FEFHFH/ Q 0.31
W TR 4 H LS/ mH 18.88

W

Wi /mH 2.5 St Lg%/ mH 36. 64
THRBA/mF 6.3 || KB RESEIRIE/ Wb 1.18
WL 2 Wi/ He 20

BUERHA/ (N - m) 92

o IS A3 1R B AR BB S i) PRSI 24 i %
IR B (B8 AR ) 1 R Tl R B K
PRE I TR F . 4 e U I [] A 3 £
PSR AR, A8 SOR F — B {5 sk b A7 A8 25 K
#WER, HIA AR A B0 H A7 R g0
TR SEA PR AR S A RO 22
BN BRI RS REAT

Step 1: B EWIUG A X, = (ko ko) WA K

o=,

fle k)

K4 HAbreR%E &, F1kZ240(f =5 Hz, T, =0.4p. u.)
Fig.4 Objective function varies with £, and £
(f=5Hz,T, =0.4p. u. )

Step 2 >R 22 i i 1533 (U O 5 25, DA T 3K
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Step 3.4 /., <& B itk x, L, ZEAUE IR

Step 4:% Afubjj :fohj<xj) - fubj<xj+1 ) ’qu =
Vi ® Vi @y =AMy /Ag, %5y, >0.75,
M a=20;# y; < 0.25 0] a = /4 ; BN o AAE

Step 5 #7 v, < O, WIAR$EAZ 477 s JFB [l E
— R, B X = xR Y F S AT T 2Pk
o A Step 2,
3.3 BHIaHR
3.3.1 ik

Fie B R A0 A ) e SR i, B
R..., =5% ,Af =1 Hz, @ L MATLAB {845 32]4]
e i Rt S R Uit 2. 7E PLECS
HEE s MMC A8 B 3K 3 2 G4 LAY AR A R4
SR S8, LS 74528 3 Hz 5 Hz 7 Hz
F il AT A RANE 6 B, MWEHRT LA, F
B 25 v T Bk 3l R 0030y 4. 985% (4. 99%
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Fig.5 High-frequency injection switching curve
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Fig.6  Switching the capacitor voltage waveform of

the point module
5. 15% ,RTIBEROME  0. 943, 5 H R EIR2E1E
BRUWHEZN, RAE T B IEAS RO AN
IERATE .

®3 BEAIERA

Tab.3 Example of iterative process

BACKEL k. k Sobi a v

0 0.900 0.100 0.387 0.1000
1 0.936  0.190 0.288 0.2000 1.001 3
2 0.979 0.378 0.119 0.4000 0.8550
3 0.868 0.734 0.241 0.1000 -0.3340
4 0.974 0.467 0.027 0.2000 0.999 0
5 0.904 0.645 0.156 0.0500 -0.7020
6 0.957 0.511 0.024 0.0125 0.0580
7 0.952  0.499 0.008

10515
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Fig.7 Simulation waveform of key electrical quantities of

MMC adopting optimal parameters
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Bl (f, Ty) FHIEIEASBEAME (k. k),
WAL (f, T)) RERGI T A S B
o RMEEE S TO0E BT A8 5L Br
K, AR CHAf =1 Hz, AT, =1 N - m, fe
[1 Hz, 15 Hz] SH8FEHE Toe [T ns T )
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) RSO ELRNE 4 Fin, EE
TR R, B 4 H 15 21 1Y e e s A A S48
v 2 [ b 380 45 A s ob, ) PR DG IEE Y 50
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Tab.4 Example of high-frequency injection parameter

benchmark
Pz T/(Ne-m) ;
1 3.6 0.96 0.01
1 4.6 0.96 0.22
1 50.6 0.94 0.85
2 7.2 0.97 0.01
2 8.2 0.97 0.12
3 10.9 0.98 0.01
3 11.9 0.97 0.08

4 BEENSBELS BEMIEE R

FEXSSEPRistT ip LoV S A SRR 5 8L
A4 il 1 BB 45 1 TR L, A SCHE B 2k T R IR S 8K
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TPV TE SR, 36 ek S IR 0 F A R T ik s A
B XS b BT IR DALMY S R i
72 M T UL AL Al e B R, B 0 B 2 R AL
e+ FEL SRR T 1 1R A A 224 IR R B
SR S, ] AR X AT DR 22 A T LA o

ARIEE(4) TR, 2k ORI, 5 1A B 33
PRV, 4 T PR IAL e e P 81 ) L, Bk sl o
RORIG I NG m, JEK Ry /N 24k, SR,
HI T L B R RO, Ry FEAS PR AN AE [R] ek
TEA R L TR0 R, 7 T AR e PR el ),
XF SO A AL A5



140 - B BE K 2= 2 i

547 %

A s He ) REOE AL A, I, AH
AR T AL Am, 05X (28) 7R .
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[ NG 2 N I I 5 S A= v

X(29) s, #20(9) ARA(29) , W] RATH 23
NI A A an =X (30) Firs

_4L diy,
mzh - ud(‘ dt (29)
kA, ,
Am,, :UTM{G(M —w)sin[ (o, —w)t] +
b(w, —w)cos[ (w, —w)t]}
2LEAE, )
Am,, :m{_a(wh+w>51n[(wh+w)l] +
b(w, +w)cos[ (w, +w)t]}
(30)
/\':F"
a=iu, —iuy—2iuu, —3iu
{ 1;1 q: allqlty q; (31)
b =i4uy, —iuy —2iuu, —3i4uy
FRYE A XHEAN AT 15
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JETH 3 WA R M R S 53k, R (33)
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Fig.8 Frequency-dependent curve of equation(33)
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Fig.9 Online adjustment strategy for high-frequency

injection parameters
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Fig. 10 MMC variable frequency drive system

experimental platform
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Fig. 12 Experimental results of sudden unload test
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method with lookup table
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Tab.5 Comparative experimental results under multiple working conditions with different strategies

i HIE A JA I W B2/ L IE

T k =0.8 k,=0.8 Ay k,=0.8 k,=0.8 Ay  k,=0.8 k,=0.8 PS8

k=0.8 k=1-f/f,. R  £k=0.8 k=1-f/f,. KW k=08 k=1-f/f,. Kk

f=1Hz,T, =0.2p.u.  511%  3.41%  4.94%  0.904 0.913 0.945  4.235 4.927 3.384
f=3Hz, T,=0.4p.u.  3.55%  2.79%  4.98%  0.90I 0.921 0.947  9.655  10.216 7.388
f=5Hz, T,=0.6p.u. 3.51%  4.12%  4.93%  0.907 0.917 0.946 16.593  15.638 12.519
f=7Hz, T,=0.8p.u. 3.99%  5.32%  4.99%  0.914 0. 896 0.945 25.446  21.113  20.570
f=9Hz, T,=1.0p.u. 531%  6.29%  4.99%  0.918 0.922 0.947 38.908  30.498  37.727
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