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Cascaded control strategy for M3C based on robust backstepping
sliding mode control

Yang Xuhong Zhang Haohan Zhang Nan
(College of Automation Engineering, Shanghai University of Electric Power, Shanghai 200090, China)

Abstract: The modular multilevel matrix converter (M3C) has shown promising application prospects in medium-to
high-voltage high-power scenarios such as large-scale motor drives and wind power integration, owing to its modular
structure, high reliability and superior power quality. However, in traditional cascaded control strategies, the outer-
loop proportional-integral (PI) controller exhibits limited response speed, while the inner-loop PI controller lacks
sufficient robustness against system parameter perturbations and external disturbances, constraining the dynamic
performance of the M3C under complex operating conditions. To address these issues, this paper proposes a cascaded
control strategy for the M3C based on an inner-loop robust backstepping sliding mode control. This strategy retains the
outer-loop PI control to ensure steady-state error-free tracking of power commands, with the core innovation lying in
the inner-loop adoption of robust backstepping sliding mode control. By recursively designing the control law via the
backstepping approach and incorporating a sliding mode term, it effectively integrates precise linearization with strong
disturbance rejection capabilities. The global asymptotic stability of the closed-loop system is rigorously demonstrated
based on Lyapunov stability theory. MATLAB/Simulink simulation results indicate that, compared to the conventional
dual-PI cascaded control, the proposed strategy offers faster dynamic response, reduced overshoot and enhanced
parametric robustness under transient conditions such as load sudden changes and grid voltage asymmetry, significantly
improving the system's control performance.

Keywords: modular multilevel matrix converter;cascaded control; robust backstepping sliding mode control; Lyapunov

stability ; dynamic performance
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LA P 2 AT A A R AR L O A5 S O

KEN:

fo= it

1, =1y +iy+i.

fo =t i T i

. . . . (2)
fe =l Tl T

Uy =yt iyt iw

o=y Tl Tl
RGN N =R SR

I.,“ +l'1, +Z‘ =0

(3)

i, ti,+i, =0
1.2 Wdq £FRET M3CshSER
W af HeARARHAE M3C FE il b, i TR B A5 22
i AR T 22 M DA 58 4 TH I D S Bl 25 A 32 KR Ay ) i,
iz ) A, SCHRLC1T T R TR dg A b 72 45 SR W, o
LR R, A S S TR IR T
RGBSR FRPE . BT A SCEE TR M3C R S
PRI RRT 2 X dg A bn RAE BB Al . M3C 7E abe
AR R T BRI 9 SR I L R T R IR . Dl 52
WA w, G IR o, 35 R, e xi = (D) 52
JEE 1 K oBO AL FRAZ e, SR I AF T AR B C )0 W =
A BN o f KEF 3ANELSE., 2465 .15
F| 3 A F IR B0 A HR R T RYJE FE 7 AR, sk ()
FTR

U. U. U, P

d . . .
U, Uy Uy| = <R + L m ) ige ig 1p |+
USU Uw USO i Oa i 0b l Oc

o T4 o

U. U, U, 0 0 0 0o 0 0

U Uy Ug| B30 0 0]+B]0 0 0

U, Uy, U U Us Us Ux Ux Uwy
€]

K .U, U, U, 5HINU, Bep0 AU, Uy, U,
IR U, 1 aBO AEH AN 510 vip oy WM., 1Y aBO AR
SreE . TR R B R T of 2 S f A
A IC TR A3 AR e T s A R B, T
B DR R 3 A F PR a8 R IR A of 4 B AR AT R 3k
KPS F P B, A G F=6) frr .

U. R Lo n d |l L U..
Wel 7 Ll Al U
U, | (7. | d [iw] (U,
=R | +L — | + (5)
WUl L2 ] d L2 ] U
U.] 7. | d Ji.|  [U.
—R| L S
_U_\,@ _ _i e de _i pel _U/9<
U, P00 U, V3U.,,
d
Uy, | = (R +L E) iop |+ [Un | + ﬁUg,, +
U, Zo. Us. ﬁ U,
V3U,x
J3U (6)
J3U,x

20 (6) HEAT op0 45 M, 75 2 Fay 18 M0 |l e AR A =X (7D
FER

0 La Ui, U
J3lo|= (R+L%> i |+ |Us| +43 [Ug| +
U il U U,
0
310 )
U,~

o i viopaioo M ig, B IR B0 ZBH B, Uy, Uy Uy
H U,y B R aB0 A ir b, U, Uy Uy, R U, MK
aB0 B, FERGERRIBITHRMT U =U,=Un) >
KOS 2 BrEal, in= (@) P,

m —(R+L ) E} - E{} +3 {u} (®

0 de Log Uop U g

KGRI H LS. M3C 7E off A R T 50 R
SRy ik — AW 58 A R BLIRCAE L 3 AR AR A i w, R
Ay i @, AT IR eSS dg 283, Hod i AR dg
AR R 3K () i ASIER dg AR IR R (10)

cos w1t sin w ¢
Ca,@wdq) - |: } 9

—sin w.t cos w.t

COS w,t SN w,t
Cu,?,’dqig =
COS Wt

— sin w .t
LSRG EFRKX (D, XN ERKXOAOEFERELE dg

(10)



TR IE AL 6 M3C BB IS 4) Ak

%12

wfas F LTS H LR
bR AT A RA R D,
7UJM7 o 7Ug17 . {R 71',107 g i 7"11; ol }
U, U, AT
U, | _ U] - {R [i4] iy i Edf tol |: :| }
,[J'I/L ,Uv, ,i ab_] dt i ab_| ]
_Ual § _Usd_ _l.al 1 d 17‘1(_
= —{R +L — “+w, L
_[](l(_ _le_ _i qc_] dt i‘ﬂ_
TJU[ iul d |[tw —1 g Upu
=—R| |—L— | |—wlL —J3
,UU(I, |:i0q:| dt |:1 &} wé [: iOd } [ |:Ug<1

an
KUy Uy By iy RINRLU,, i, 75w, [R5 4
FRETH dg sriE. Uy, U, AU, T8 o, [7 25 585 2 br &
T dg 535, U Usy Biogaio, 239K Uy io, TF @, [H
EHEFEFR R TR dg i, Uy U, 338 U, 1 o, A
LWEFH AR R T dg i, FERGEXRBITHRMT, A
#SHR A2 .(13),

ida o izlb o Z.([L o i iszl
inl el lin) 3 iy
-
iy iy, ARFRRBAMBIRG d #4585 q fiaE.
I | S A 1 e 7 At s A o1 = GO 3
EMBENREAATGESHmABR I ESEF o ELTS

JIAR) JR, JHG e AR R 2 v ol 5 L) B 4R ok T Bk —
A B R AL X A5 PR .

U, U
od
- Ca,s,u,mcdqraﬁ,z [: }
U,

a0

12)

(13

o a4
U
FHH :Cuyprop e Coprane TN NEIHM dg —af af—abe BYALFR

%x%ﬁ%%ﬁ%

[u -5 Uy
2
w, | =1 aB/abe T, af—s + |u.
LU ga_]
| U LU o0a_]
Uy, - Uy
227
J— |~
Uy | = Tﬂﬂ,’ufu qu Jaf—s + |uo (15
LU g
LU wp_] LU op
u — - Uy
Uy,
Uy | = Taﬁ,'udeqra;f—.\ + |uo
_u qc_l
| U LU o

KTy o N dg—ap WARKR RS HIE IS
2 M3C ZZGHEHE A&

M3C 5 B 6 &4

M3C B A4 I HE 161 a1 3 7 s o HC 42 1 2 Ay ] 28 i
UK O B BN 3 SR AR L LAXL dg s AR O AR L
S L BE Y A B SRR E R . R R AR R A

2.1

BT A EN o, 1 dg FRAEH WG =AHHEE u, B
Wi MR RIS AR T ERE wy wuy, Fiuiy,,
Zei A4 2R R 5 L A3 8] dg AR FR R T A R
OY R g g, o FHNE S AR 0, 0 dg AARAE
SAHEE w7 FRRE R [F] D e A AR R T I B i
Ugitlgy T zgd‘zgqs?\%ﬁ B 42 361 2% 2 B dg A AR &R 4
T oy w0, S 83T A AR B I abe AR R BT
A S A R Ay S, AR R RS %
5% [REF, 432 5 i A i 45 i 5 5o e ) 5 98 55 2% i 7+
R 25 L R BN BE A, R TR R RS S
{55 & mci WV aE I R 6 ORI S B RS TR PR
1 22 (8 ok #F B AT A A AR A BF R T AR Y IR Bl
Jik

Sabe FONI L y
q Sy AN 4

M3C
B3 M3C ik i AE &

Fig. 3 Overall control block diagram of M3C

2.2 MENESEREBREH KR

&4t PID $2 il X 45 1 7 it L 5 B00RE 8 (B8 L 78 L&
PER G WA T2 . S0, M3C A B £ T
Peep it 2R GEaR i A B 5 AR otk i R i 1% 48 PID 45
) I T 2 P AR A A L M LA S BRGSO I, AR S
P 2R AR 4 Pk 18 i 3 W B4 il Crobust backstepping
sliding mode control, RBSMC) 3K &, F} T M3C 5 i X} 4
I

G BT IR A R G B A T A S
ERHEANESE R, FEREATERELERED
5 1 100 780, DG LB X A7 AE R LA 58 PE SRR Bk £ A
A B B R 2 i R W 7 A 7R 3 A8 428 1
HUOLARME I FEAL | i — D R B S I R I R R . D il
AREBRITHERRGE M AT TR, BL Wi
Lyapunov MR, Ul TR B HI7E M4t R b HE Ll &
e H IR Y ) A R RSO E R R G D5 A
o TN ) B BN S 1 5 A PR BN SR THE I N R 5
BAT R 5 3) 43 )22 3dk 4 iy B0 T JEL I T BE 4 b Sl I £ B A
FEHIF R TEAL I M3C XK LB i IR G RGNS BEA8 52
T e e B B 45 H AR 0 B IR R A
2.3 M3C &# RiEBEEEH S|

M3C #& il F 56 2% F 40 36 R P9 304 25 & B SR 4544 .

o« 75



949 B 2 F o

T # K

SR T R GG RE A B AR SCR T L9 PT 42 il 4% 047
Beit . %A A A5 R A B, S RO O L BB A O o
AR T HR RIS B 184 W A Vi AR A d g il
Iy B H . SR, M3C N IR N A2 7E S 5O i e 1 L AR &
PR SRR 5 OC ZR I e B AR 4T L PT 42 1 445 X L) 52 BUORS g L
PR A B A BRER . 0t AR SCH B — AT T N IR R
e I T A ol

PL a FH T3 a0 B, LR J& MBC i A P 26 & 45 i
T B AR A BT . OB IR L

T, =iy
) di g, (16)
T
D,
T = &>
{@__iuw—mﬂ—ﬁ52+m@ an
R R E R RS BN
Ta = Lga et (18
FE X RGR2E N TR S S H 0 22 EH R -
2 =e=x,—xy
{ . ) ] ) a9y
2 =F, Ay = x, Ty
w2 T RALRG & BRI,
FE L —Fr Lyapunov BMEOJFRAKX QD15 .
JVI = izf
< 2 (20)
[Vl =22, =z, (x, —2,)
B
Ty = 2, tEg — 2, @D

AF.C>0 M REZWT R 2, WEMEHE, A
LDHE.

2, = x, —X4 tcz, (22)
kA7 (20) ~ (22) W A5

V, = 2,8, = 2,2, —c2’ (23)
FE SCHH BT 2

s = kiz, + 2, (24)

P K, >0 IR T o SRS e,
KRR R, 25 iR,
§ = —esgn(s) — ks (25)
HNERESTBRGEREE. AV, < 0 WEY E W
Lyapunov PRAL
JV2:XQ+~Lﬁ
2 2 (26)
V. —v, 4w
BT 2 (17) . (22) ~(23) .(25) ~ (26) 15 M i A 422 34
RN

o« TG .

Uy = Uy T LJ[ssgn(s) Fhs ]+l G —ia) +
Li, +Rx, + L.,
Uy = Uy T LJ[E sgn(s) +ks]+ el G —1,.) +

Lz, +Rx, + Lw.iy,
27
Hree b SNBSS E e PR G HE 4R 20 B2 L LA o 455 15
N E M 5 AN ER IR B 1K 5 s & O Ak AT IR O 1) B 7S
P bR 28 G R A 1] 318 A5 T Y S0 SRR BE 5 ¢ >0 g I iR T
B8 28 B it R B0, PR I R 22 S Y A HfE B IR R 25
S 05 A F MR o RAV, ARG V, < 0 3 £ 254
e RS E AT
PR B i 0 4 A ) A SR 68 e T e s o A T
BT S5 AN 2 M A AR FEBER . AR B R SR E 2 i
EE 0022 10 45 A T L O A B R HH E TR B P 2 2 o R 4
il o8P AR QP 4 BT 38 o A LR AP B B
[F) 5 B 2 3R igp 8 55 28 0 R 7 o, 0 2 B4 o S e T
e 32 5

B 4 M3C PLRBSMC U] ¥ 44 il 1 &
Fig. 4 Dual closed-loop control block diagram of M3C PI-RBSMC

3 EERSH

VA A SCRIT B 4 T SR W B A AP S R RE A L A B
54T MATLAB/Simulink -3 #5377 M3C i #2 il &4
D5 BAERY . WFSTIRE T IR H IS AT 5 i 0 Dy 25 58 A% 7 il g
RTBC, LLB 22 2 g A/ i O g v T HL O ) AR
d RIS i R B A TERE . K TR ) RBSMC 3w
5 5E PLEEHIHEAT A L B0 0E T IZOR M e Sh B IR
P B Iy 1 P Rk . M3C XLPA B Fs I AE P L R 4
i, iEFFHRGESEINE 1 PR,

3.1 EEIRSH

TEIEH 247 TOUT i A MU A5 5E 48 50/3 Haz, i i
Dy A TR PR 45 o o . Ry S8 E T 4 R T M S T R Y
MB3C G0 4 i 5 Wk 14 14 RE AL %, % LE PT #2] 5 RBSMC 3¢



Miatr &R T SRR AL E M3C R BEIE H) R uk 5512

R1 MICEZHESH 15001
Table 1 Simulation parameters of M3C system 1000
P W - 500}
by A2 HLIR KV 10 <
2 R/ kY 10 o0
i A/ He 50/3 1500 , , , , , .
i 2 H 50 0 005 0.10 Eaﬁ)faljis 020 025 030
HER T RAN 20 (0 Outptside cutont of MG andot B contol
i L/ mH 10 ol U, U, U,
B HL 4%/ mF 10
SR LB/ Q 0.03

W~ M3C P54 L F S R L 6 N U IR i 5 TR
El 5Ca) ~ (D43 P HI SR T M3C i AN E A

{00 v, 5 AL P A B B B 5 (o) ~ () kb %005 o010 oI5 0
i [H]
Wy RBSMC 1 W F 4 I o <R 0075 76 RBSMC (¢) RBSMCHBI FNICH MR
?Eﬁ?ﬂ%ﬂ’%‘l: ,?fﬁﬁ/\\iﬁ.ﬁ{ml] EEEEE/F;E/EZ%BH’% \%E*&d\ JH " (e) Input-side voltage of M3C under RBSMC control
15001
i L T A 0 o R L FE AR BB TR dg .
SRS 55 O R S 7 MIBC ol R 4 5 B -
AR A3 SIS
FLVC i 00 o R A o 4 S ) 6 BT R L 72 RBSMIC £ = 5001
il 2 W T T 2R BEAS PRUEE K B RS (E IR R B4R A, B Bk -1000
gl -1500 : : ; ; : ;
0 0.05 0.10 0.15 0.20 0.25 0.30
! i [)/s
0.5 (f) RBSMC#% il FM3CH A\l 1 3¢
> (f) Input-side current of M3C under RBSMC control
o L1t
-0.5
1.0 Z,
0 v

(a) I FM3CHA M 6 FE
(a) Input-side voltage of M3C under PI control

Uiy

0.05 015 020 025 030
5 [A)/s
(g) RBSMCH il FM3CHr Hi il v i
(g) Output-side voltage of M3C under RBSMC control

(1,1,1

(b) PIFHI FM3CH AN B
(b) Input-side current of M3C under PI control
T 100_" U.u,U

0 0.05 0.10 0.15 0.20 0.25 0.30

I [A)/s

0.5 (h) RBSMC##H FM3CHr Hi il i 38
Z“_ (h) Output-side current of M3C under RBSMC control
= K5 TR T AL M3C B A L R

-0.5 Fig.5 Voltages and currents on both sides of M3C

1.0 il under normal operating conditions

0 0.05 0.10 ﬂEj)'[l']S/ 0.20 0.25 0.30
1] - e
(¢) PLEHI FMICH M FE F2 W] RBSMC 75 U S BB RS B 55 B s o L AR 4 535,
(c) Output-side voltage of M3C under PI control W Ah L P ER R AN 556 0 o Bl E R 4 1 U TR 45 S

077‘



o549 35 A

o

T # K

%108

B S ———

0 0.05 0.10 0.15 0.20 0.25 0.30
B [A)/s
Bl 6 E# A AT L0 i i B 2w R i £k
Fig. 6 Output-side power response curves under

normal operating conditions

W 7.8 i IEHW TOUF .5 PL#HI A . RBSMC 445 i

SR AU RO b RO A 7 R PR AR A

=

7 SR 7 v U BB DR R P 5 TR 4% e B A
FLH . IEWIBAT TB0T G A 00 F U M RE A8 A N 3% 2

Frs
1400¢
1200} ===
1000}

1,/A

: 0.05 0.10 0.15 0.20 0.25 0.30
B JH)/s

B 7 IEWE T LATRAMN & Bl i o i

Fig. 7 Intput d-axis current component under normal

operating conditions

1400
RBSMC
1200f ’id

1 000f

IJA
%
S
S

D

=4

=
T

400,

200

0 0.05 010 013 020 025 030
H18)/s

E 8 IEHBAT T T &M o &l i 4

Fig. 8 Output d-axis current component under normal

operating conditions

F2 EFEBTIATHNGHWEREEER
Table 2 Performance indicators of input and output side

currents under normal operating conditions

AR i U RN U . R R

Zagas| N
s EmE/ms  THD{H/%  THD{E/%
RBSMC 64/56 0.22 0.36

Pl 106/87 0.76 1.25

« 78 .

3.2 HWHMIMETHIR

Shy 6 E A il SR W A T 3R 3h 3 T Y 2 2 o R M RE
2B O R AR A T8 S A DI DR AE 0.1 s I Z
M1.2 MW 52 0.6 MW, H XM ZA S oh Rk =&
RHYE PR [FI A B b JE D Bl AR g 0. AU AN R R
M0 A F R LR R T IR 9 R L B/ 9 () ~ (D)4l R PT S
AW T M3C S AN E L AU R L D0 R B
] B, 37 B T 5 1 9 () ~ (h) % RE S RBSMC #5816 5 & F 4
] B SR D . T 38 58 A8 IR I, i A L 0 e O B T
TR PLE PR 7E RBSMC #5 il 5 W A5 T, i 3 35 B 37 A
25 FLW M TE 5% BE R A A R R O 32 A N
B B S A AR ShAS N 5 R SR B B T PLL

S R oy 2 S 2% A P 10 IR L TR B B 2R Y BR e

R

0.20 . 0.30

0: 15
B ] /s
(a) PIEHI T M3CHIA M B R
(a) Input-side voltage of M3C under PI control

-15005 005 010 015 020 025 030
i [6)/s
(b) PIH] FM3CH At 3

(b) Input-side current of M3C under PI control

U, /V

005 010 015 'o,"zé' T025 030
(c) PIHHI M3 CHr H O LR

(c) Output-side voltage of M3C under PI control
15000

oo

-500

1 oco AN

-15005 005  0.10  0.15 020 025 0.30

i i8)/s
(d) PIFs il FM3CHy il e
(d) Output-side current of M3C under PI control




Wi SR T M RUR B AL GG M3C B B4 4] ek 512

"y, w/v

U

0.15 0.20 0.25
I ) /s
(¢) RBSMCH il FM3CHIA Mt
(e) Input-side voltage of M3C under RBSMC control

0 0.05 0.10 0.15 0.20 0.25 0.30

i ) /s
(£) RBSMCH il FM3CH N\ B 3
\ (f) Input-side current of M3C under RBSMC control
x10°
1.0

0.5

U,V

0.20

(g) RBSMCH il FM3CHr Hi Ul e JE
(g) Output-side voltage of M3C under RBSMC control

15007 7.7

oo

500
<

S

= -SOOU

1 coo VWM

-1300, 005 010 015 020 025 030

i i#)/s
(h) RBSMCH il FM3CHr H Ul s 37
(h) Output-side current of M3C under RBSMC control
9 Ky ol R AR M3C U A H R A R 3R
Fig. 9 Voltages and currents on both sides of M3C during

output-side power changes

%108

r,é.Es,,.vM.W_\
It .,
6F ...

0.05 0.10 0.15 0.20 0.25 0.30
B [A)/s

P10 i i 00y 2 7 ek A E 00 2 5 7 il %
Fig. 10

power changes

Output-side power response curves during output-side

2 H MBS R T T RBSMC % % Th R 4] $e 33
RSB BV R, B sh /N, 7 8h 2 i Ry o B 5 e O
ARSI R,
A ER i A 5 ) o R A S 0 R 43 0 An
B 11,12 B s B b N o) 2R sh 25 T 00 F W 3 H A<Mk BE 48
Wk 3 PR, EUPRAEL T AT, IR I T R 15 4 A al
B LIS % H . RBSMC #5 il 38 16 T 1 L 37 T P ok BR B
BoJ G A N &7 B AL DB N E I = 7 . ) a0 N = ) B
ERokS B HiE R T PLEEHIR RS .
1400 RBSMC
1200f === <
1 000F ’ s
800f /7 8
600F /1
400!
200

IJ/A

0.05 0.10 0.15 0.20 0.25 0.30
i ) /s
B 11 A T 2R AR AR B A o Bl R O A3 o
Fig. 11 Input-side d-axis current component during output-side

power changes

14001 RBSMC PI
1200F P =/

1000} .
800F / / >
= 600}/
400 1
200

0.05 0.10 0.15 0.20 0.25 0.30
A 1H)/s

B 12 H O oy SR AR AL A A e o A R A0 i
Fig. 12 Output d-axis current component during output-side

power changes

x3 WHMNIIRHSITR THARESELEER
Table 3 Current electrical performance indicators under

output-side power dynamic condition
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THD {4 PI 0.75 0. 82
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