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Abstract—The modular multilevel converter (MMC) has be-
come the most promising converter topology for medium- and
high-power applications. In this paper, a sliding mode control
(SMC)-based method is proposed for the MMC. Based on
analysis of the system dynamics under the proposed control
method, control parameter relations and their validity conditions
are obtained, which provide guidance for systematic controller
design. Compared to the conventional control methods, the
proposed SMC-based method provides a faster dynamic response.
Performance and effectiveness of the proposed control method are
demonstrated based on simulation studies in the PSCAD/EMTDC
software environment as well as experiments conducted on a
laboratory prototype.

I. INTRODUCTION

The modular multilevel converter (MMC) has become the
most promising converter topology for medium- and high-
power applications [1]-[4]. In the technical literatures, control
methods based on linear controllers, e.g., proportional-integral
(PD) and proportional-resonant (PR) controllers, have been
proposed to control the MMC [1], [5]-[10]. In addition,
control methods based on nonlinear controllers are also pro-
posed [11]-[15], which suffer from large computation loads
and/or dependence on exact system models. In this paper, a
sliding mode control (SMC)-based method is proposed for the
MMC, which provides a faster dynamic response and better
robustness compared with the conventional methods. Based
on analysis of a wide range of the system dynamics under
the proposed control method, control parameter relations and
their validity conditions are obtained, which provide guidance
for systematic controller design. In addition, the SMC-based
control method can be incorporated into the conventional
control method to combine the advantages of both the SMC-
and conventional PI-based control methods. Effectiveness of
the SMC-based control method is verified based on simulation
studies in the PSCAD/EMTDC software environment as well
as experiments conducted on a laboratory prototype.

II. DYNAMICS OF THE MODULAR MULTILEVEL
CONVERTER

The circuit diagram of a three-phase MMC is shown in
Fig. 1. The MMC consists of two arms per phase where each
arm is comprised of N series-connected, nominally identical
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Fig. 1. Circuit diagram of the DC-AC MMC.

half-bridge (HB) SMs and a series-connected arm inductor.
Dynamics of the MMC can be summarized by [16], [17]

Voo — Pl — pipd — 1422 — Ril — L4
_ (VAC sin(0 — ¢7) + Uac,com) =0,
1 n,j,,:J n,j di™’ i di’?
7§VD077'L ’J’UC — Tt j*lﬁ*R'L]*LW (1)
- (VAC Sln(9 - d)j) + Uac,com) = O,

D.j i .
Cdvc _ npJ ip’J,
dvﬂg Nn,j .
C%c” — _n"ing
dt ’

where n®J, v, and i*J represent the number of inserted

SMs, averaged SM capacitor voltage, and arm current in the
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x (z = p,n) arm of phase j (j = a, b, ¢), respectively, Vac com
is the common-mode component of the AC-side terminal
voltages of the MMC, Vpc is the DC-link voltage, Vac is
the peak value of v, i/ is the phase j current, @ is the
phase angle of v%, and ¢’ is the initial phase angle of v} .
Generally, the control inputs are obtained based on

PyJPod G0 T as (nDsd ] ref
n UC n ’UC ~ (n n ) VC

A
) ) = f () + hfw,com () 5
’I’Lp’j’l)g«’] + Tl”’j’l]g’J ~ (np,j + Tl”’j) Vé«ef

A
=g () + hfw,diﬁ

2

where VZ<! is the SM capacitor voltage reference, f(-) and
g(+) are functions to control the ac-side currents and the
circulating currents of the MMC, respectively, Ay com(-) and
htw,qir are feed-forward components to control the ac-side
currents and the circulating currents of the MMC. Common-
and differential-mode components are defined by:

I
2 | 211 —1 2|

where 277 is a general designation for i*, v®J, vé’j “and
n™J, zJ . is common-mode component of z*7, and z7; is
differential-mode component of z*7. Based on (3), il.,, is
half of /. Substituting (2) and (3) for i*J, n®J, and v5”’ in
(1) yields

i
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Matrices in (4) are
_ _Rac 0
A11 = ‘-’JOLAC o ,
J wl
_ _Mair Zom
Ajg = wlac wLac
Mom  _ T |’ %)
wl j wl )
_nJ
Ay = [ Nt Neom }
— wNC _nJ J ’
Meom qie
A22 = 07
where
j _ fO)+hw.com ()
Ngis = QVéeEO , (6a)
i _ 9()+hew,air
n(jiom - QVéef ’ (6b)

w is angular frequency of the AC source, Lac is 2L + 1, and
Rac is 2R+ r.

III. THE PROPOSED SLIDING MODE CONTROL

In the proposed SMC-based control method, common- and
differential-mode currents are actively controlled and two
control structures are designed for each actively-controlled
variable. The two control structures are applied alternatively
for a certain time length, i.e., At, to force the corresponding
variable to slide along the boundary of the two structures

within a hysteresis range, i.e., +Ail  or £A,.

A. Single-Phase MMC

Since single-phase MMC has only one phase, the superscript
7 of variables are removed in this sub-section III-A. To control
icom and igir in a single-phase MMC, each of f(-) and g¢(-)
in (2) corresponds to two structures, i.e.,

f _ F, if dcom > Zé'f)m 7

() - —F if ¢ < qref (7a)

) com com
T ref

g() = G, if dqir > 055 (7b)

—G, i g <
-ref -ref -5 -J
where o and 45 are references of ., and iy, F

is commanded magnitude of voltage to control the ac-side
currents, and G is commanded magnitude of voltage to control
the circulating currents. Based on (7), the two structures within
each pair alternate based on comparison between the actively-
controlled current and its reference. Besides, to generate nf,
and n’;;, the feed-forward components in (2) are

htw.com () = —Vacsin (0) ,
hew,ait = —Vpe.

(8a)
(8b)

In a well-designed MMC, the magnitude of ripple com-
ponents of each SM capacitor voltage are regulated within a
limited range, i.e.,

_AUC,COIH < VC,com — Cr'Ef < A'UC,coma
—Avg air < vodir < Avedits

®

where Ave com and Avc gy are ripple magnitudes of v¢ com
and vc qif, respectively. Assuming %com 18 larger than zg‘ffm and
substituting (6a), (7a), (8), and (9) for ncom, Ndif, Vc,com, and

vo,dit in (4) yields

dZCOHl _

@i _
g whac ™ 2wLlac

where Ugop is the actual magnitude of voltage to control the
ac-side currents and is

Ucom, (10)

Ucom = (11)
F+ Av‘c/,:sfmF T A’UC‘,}:?;?UAC T Avc,dif‘(/im?JrVDc).
c fe} c
Based on (11), the range of Ugop, is
UCOH] S UCOI]’I,III&X
A F Avg,com (F+Vac)+Avc ait (G+Vbe)
SF+ Jhs :
@ (12)

Ucom 2 Ucorn,min

A F — Avc.com(F+Vac)+Ave,air (G+Vpe)
- Vrcf .
c
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Since At is much smaller than the line period, Ucoy, can be
regarded as a constant when a control structure is applied.
Solving (10) for ¢com yields

. . R
icom () = icom (6o) exp <_ wLAACC (0 — 90))
+ Yoo (exp (- Bac (0 0)) — 1),
(13)
where 6y is the phase angle 6 at the moment of alternating

control structure. At the beginning and end of a period of
applying a control structure,

icom (90 + Ae) = Zf;?)fm(eO + Aa) - AZlconm

icom (60) = % (80) + Adcom, (14

where Aicon is the ripple magnitude of icoy, and Af is wAt.
By substituting (14) for icom(0) and icom (o) into (13), and
reorganizing the equation, (13) can be transformed into

Rac (iS5, (00+A0) ~ Aicom ) +Ucom

R _
P (_wLAzfc M) = T Rac(g, (00)F Aleom) T Ueom (15)
In (15), i’ is
itor, (0) = Lo sin (0 + ¢7Lom) (16)

where I'¢f and qbfﬁom are the magnitude and phase angle
of *¢ . respectively. Linearizing exp (_wRL o AG) around
A0 =~ 0 in the left side of (15) yields
R R
exp (- AC A6> ~1— —AC Ag. (17)
wLAC WLAC

Linearizing sin (6 + gblj"fgom) in (16) around 0 ~ 6, yields
icom (00 + A0) & itgr, (00) + Lo, €08 (00 + & com) AF.
(18)
Substituting (16), (17), and (18) in (15) and simplifying,
relation among F', At, and Ai..y, can be obtained as:

At — 2icom
Geom o155t cos(00+67% )+ TAL 258 (00)
~ 2LacAicom (19)
U,
v .

Considering the validity conditions of all the approximations
from (10) to (19), the validity conditions of (19) are derived
as:

IAG? < 1, (20a)

s an) <1, (200)

Usomamin > It/ (@Lac)’ + (Rac)s (200

Véef (20d)

> Ave com (F + Vac) + Aveait (G + Vbe),

where (20a) and (20b) keep the validity of linearization from
(15) to (19) and (20c) and (20d) support the simplification of
the denominator of (19).

Similarly, relation among G, At, and ripple magnitude of
idif, i.e., Aidif is
At — ZlAidif
7 (et + Adair )+ Uase
~ 2l Avqif

Uajt
208y
A S

2n

The validity conditions of (21) are
- 2
3 (Z140)" < 1,
Udif,min > T
VEE > Ave com (G + Vbe) + Aveais (F + Vac)

(22)

where Ugir is actual magnitude of voltage to control the
circulating currents and its minimum value is

Udif,min
-G Ave com (G+Vbe)+Ave aif (F+Vac)
- - Vécf .

(23)

B. Three-Phase MMC

In a three-phase MMC, the three-phase circulating currents
are independent. Therefore, g(-) and hgy qif(-) of a three-phase
MMC are the same with those of a single-phase MMC in (7).
However, dynamics of three-phase i/, is different from that
of a single-phase MMC as the three-phase currents are not
independent. Therefore, f(-) and Ay com(-) Of a three-phase

MMC need to be modified based on the dg transformation by

ngif 1 f;l () 1 hgw,com
n()iif = 2vref f) () + 2vref fyv,com ) (24)
n?lif S fc () = ;w,com
where
a .
RO a0
f () - fd () )
()
gw,com UZC
fvcom | = =2 | VAo (25)
?w,com ULAC
0o -1 1 Toom
_ % 1 0 =1 igom
-1 1 0 Teom
In (25),
F, 49> joref
fq()_{ -F ,L'q<,L'q,ref7
, £ jdref (26)
f () = { _},7, 34 < Z‘d,ref )
where 4§, is the &-axis component of three-phase i/, (£ =

q,d) and i§5f is the reference of 7S,
Common- and differential-mode ripple components, i.e.,
AV o and Avg, ¢ are significantly smaller than Vet in

a well-designed MMC. Therefore, based on (4) and (26), if

. -d . : ,ref
1., and 25 are both larger than their references, i.e., [L:°
and I%re!) the dynamics of i%  becomes

dsa _ Rac ja V3 b ic

@Zcom — T wLac Lcom + 3 (7Zc0m + Zcom) (27)

— £ (cos (A) +sin (9)),

2wlac
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which can be decoupled into

iid _ _ _Rac P - F

dg “com wlac “com 2wLac’

dsq _— _ Racgyq _ _F (28)
df “com wlac “com 2wlac

Solving for i%,,, based on (28) and simplifying the results

based on approximations result yields

2wLacAiS,
——=5cem.

Af ~ (29)

The validity conditions of (29) are

1(Bac A0)2 <1,

wLAC

F > RAC (Igél;ﬁf + AZ'gom) )

VEL > Ave ait,
VéEt > A/UC,CO]’H-

(30)

C. Fixed-Frequency Comparison

“To limit the frequency variation of gating signals, 4¢,,,, and
i} are compared with their references at a fixed frequency,
i.e., fsen. Since the fixed-frequency comparison could create
a time-variable asymmetrical hysteresis range, the hysteresis
range can be twice of those in (21) and (29). Therefore,
considering (21) and (29) as well as the variation of AC source

voltages, the fixed frequency is designed based on

wVAC F G
fS,en > max rof £ ) - . (31)
VC LACAlcom lAZdif
Subsequent to determination of fs ey, Ad,,, and Aifﬁf are

: F

Algom = Fsenlac’

% (32)
bait = Foenl®

The implementation block diagram of the proposed SMC-
based control method is summarized in Fig. 2.

D. Comparison with the Conventional PI-based Control Strat-
egy

In the conventional PI-based control strategy, the integral
gain, i.e., K1 is designed based on Rac, Lac, and the
proportional gain, i.e., Kp:

Rac/Lac = Ki/Kp, (33)
to cancel a pole at s = —Rac/Lac [18]. Based on this
principle, zero-state response of 7S, for a step change of its

-& ref

reference, i.e., i$"f from 0 to a new reference, i.e., I5§cHnew

> “com Ccor

is illustrated in (34), while the response of 4., under the
proposed SMC-based control is illustrated in (35).
2Kpt
i = <1 — exp (— i )) et mew (34)
Lac
Ft
o A 35
lcom 2LAC ( )

To prevent over-modulation under a step-up change of i%rf
from a previous reference, i.e., 4¢P to JLrefnew parame-
ters in the PI-based control method and the SMC-based control

method are constrained by the following upper limits:

q
max

~ \/(0.5751/130)2 — (F1)® — (Vi — wLacl®ih),
(36a)

d,ref\2 ,ref
X A 0575Vb0)? — (Vi) — (Vi —wLac I
P,max ~ Iq‘ref,new_lg(;r!e‘:f‘pre )

(36b)

where F¢ is the magnitude of voltage to control i$,,, in the
SMC-based control method, Vﬁc is the &-axis component of
three-phase AC source voltages, and thnn is £-axis component
of AC-side terminal voltages of the MMC. The value of men
is the

d,ref __ d,ref q,ref,pre
‘/tmn - (RACIcom +UJLACIcom ) .

(37

Based on (34), as i§,, reaches I§¢fmeV, the zero-
approaching speed of the error between 45, and I§3iefnew
decreases under the PI-based control method. On the other
hand, based on (35), under the proposed SMC-based control
method, the error decreasing speed is a constant, which is not
impacted by the difference between i, and its reference.
Meanwhile, based on (36b), Kp max is inversely proportional
to the step change magnitude, which also limits the speed
of the dynamic response of the PI-based control with large
AIS,... On the contrary, F., is not impacted by the step
change magnitude. Therefore, the proposed SMC-based con-
trol can provide a faster dynamic response speed over the
conventional PI-based control.

In addition, in the PI-based control, effective pole cancella-
tion at s = —Rac/Lac and prevention from over-modulation
both depend on exact parameters and precise model of the
system, which are hard to be obtained in practice. However,
in the proposed SMC-based control, alternation of control
structures is based on comparison between actively-controlled
variables and their references, which does not require precise
system parameters.

Although a large F' can potentially increase the speed of
response during transients, the large excitation causes large
high-frequency harmonics during steady state. To solve the
problem, an enhanced SMC-based control method with vari-
able I is proposed:

- : f ;€,thd
F= { Fmaxa Zéom - Zg(’;%f > th’)rﬂd (38)
- . €,re -€,t ’
Fsteadya Leom ~ Ylom < 1¢om

where F,,y is maximum of F', Ficaqy is the magnitude of

voltage in steady state, and i5;td is a threshold to determine

the magnitude of excitation (F,ax OF Fiteady). In (38), iﬁ;;{;d
is designed by
F.
ifhd £ p_steady (39)
LACfS,en

Besides, Fiyax is designed by (36a), Fiieaay is designed based
on (32), and 7 is slightly larger than 1.
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Fig. 2. Block diagram of the proposed SMC-based control method.

Since in the PI-based control method, the magnitude of
ripple components during steady state is smaller, a hybrid
control method based on combination of the SMC-based and
the PI-based control methods is proposed, which is illustrated
in Fig. 3. In the hybrid control method, small steady state
voltage ripple magnitude under the PI-based control method
and excellent dynamic response of the SMC-based control
method are combined together.

N
SMC-based Pl-based
method method
—  —
end

Fig. 3. Hybrid control of the MMC based on combination of PI- and SMC-
based strategies.

IV. SIMULATION RESULTS

To demonstrate performance and effectiveness of the pro-
posed control method, a three-phase MMC is simulated in
the PSCAD/EMTDC software environment. Parameters of the
study system are listed in Table I and the control system is
designed based on (31), (36), and (38). Steady-state waveforms
under the proposed SMC-based control method are provided
in Fig. 4, where the setpoints of real and reactive power are
120 MW and 80 MVAr, respectively. Based on Figs. 4(a)-
(c), three-phase line currents, circulating currents, and SM
capacitor voltages are well regulated under the proposed
method. Figs. 4(d)-(f) illustrate igom and ifiif within one line
cycle. The magnitudes of ripple components of 5, and i
are closely matched with their theoretical values in (32), as
shown in Table II. Dynamic response of the MMC to a step
change of i%"f under the proposed SMC-based method is
presented in Fig. 6, where %™ steps up from 0 to 15 MW
at t = 0.27 s and %! remains to be at -10 MVAr. Dynamic
response of ¢+ under the proposed SMC-based control method
is compared with the one under Pl-based control method in
Fig. 6(a), where the PI-based controller is designed based on

TABLE I
PARAMETERS OF THE STUDY SYSTEM

Rating Value Value
AC system nominal voltage Vin 11,rms 30 kV
Nominal frequency of ac system f 60 Hz
DC link voltage Vpc 60 kV
Reference of SM capacitor voltage VC’Qef 3 kV
MMC Parameter Value
L 7 mH
R 0.03 Q
Series-connected inductance [ 6 mH
Resistance of series-connected inductor 7 0.02 Q
Number of SMs in each cluster N 20
Submodule capacitor C' 14000 uF
Control Parameter Value
Fstatic jp (32) 6 kV
G in (32) 6 kV
fS,en in (32) 7.5 kHz

TABLE II )
MAGNITUDE OF RIPPLE COMPONENTS OF iﬁom AND ifiif

il G2 idom (G12) i%
Simulation-based [Ad] (kA) 0.039 0.042 0.105
Theoretical |A7] (kA) 0.04 0.04 0.133

(33) and (36). As illustrated in Fig. 6(a), the proposed SMC-
based control method can provide a faster dynamic response
than the conventional PI-based control method. In addition,
Fig. 6(b) shows that i remains to be decoupled from ¢ during
the transient under the proposed SMC-based control method.
Therefore, the three-phase line currents are well-regulated, as
illustrated in Fig. 6(c). In addition, Figs. 6(d)-(f) show that
the currents of the six arms are controlled as expected, where
the second-order components are suppressed. As illustrated in
Figs. 6(g)-(i), the average SM capacitor voltages of the six
arms are also well-regulated.

V. EXPERIMENTAL VERIFICATION

The proposed SMC-based control method is also verified
experimentally. The prototype is shown in Fig. 5 and the
parameters are listed in Table III. In the experimental pro-
totype, the DC-side of the three-phase MMC is supplied
by a programmable DC power supply while its AC side is
connected to a three-phase RL load. The control method
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Fig. 4. Steady-state MMC waveforms under the proposed sliding mode
control: (a) three-phase line currents, (b) arm current of phase a, (¢) SM
capacitor voltages of phase a, (d) d-axis component of line currents and its
reference, (e) g-axis component of line currents and its reference, and (f)

circulating current of phase a and its reference.

Fig. 5. Experiment Setup of the three-phase MMC prototype.
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Fig. 6. Response of the MMC to a step change of i%**f under the proposed
sliding mode control: (a,b) ¢g- and d-axis components of the line currents and
their references, (c) three-phase line currents, (d-f) arm currents of phases a,
b, and ¢, and (g-i) SM capacitor voltages of phases a, b, and c.

is implemented in the RT-Lab and OPAL-RT rapid control
prototyping tool.

Fig. 7 presents the experimental waveforms under the pro-
posed sliding mode control, where i7" steps up from 1 A to
4 A at t = 50 ms while i***f remains to be zero. As illustrated
in Figs. 7(a)-(d), the three-phase line currents closely track
their references under the sliding mode control. Based on
Fig. 7(d), the rise time of ¢7 is about 1.4 ms, reaching 3.7 A
(90 % the AI%"*f) without any overshoot. Figs. 7(e) and (f)
present the arm currents and SM capacitor voltages of phase

1041



-
[ - T1

r Fs — 1
10 ms/div | | 10 ms/div | |
| | .
O O S = s o W S g I
I | | N
| | | |
L@ po@
10 ms/div | b - 10 ms/div | e
[P ¥ o P |d 5 rl | vy i, o J | P e A, 4
b T R PRy TR T it et o .w II"”' Y
e et ol | - | | -
R | o |
2 ms/div <Zoon1> wZms/ div 2 ms/dlv <Zooml> w2ms/div
() (©)
2 ms/div L 2 ms/div
L i B e e N i s e S S eS| ¥ WW
e ] @ - @
20 ms/div 20 ms/div

20 ms/div
e Tt PRt R e e o
: (U)
Fig. 7. Experimental MMC waveforms under the proposed SMC-based

control method: (a) three-phase line currents, (b) ¢- and d-axis components
of the line currents and their references, (c) zoomed-in three-phase line
currents, (d) zoomed-in ¢- and d-axis components of the line currents and
their references, (e) arm currents of phase a, and (f) SM capacitor voltages
of phase a.

a, which are well controlled during the transient. Fig. 8
presents the corresponding experimental waveforms under the
conventional PI-based control with the same scenario, where
i%f steps up from 1 A to 4 A. As shown in Fig. 8(d), under
the PI-based control, the rise time for ¢ is 2.2 ms, which is
57% longer than that under the proposed sliding mode control.
This verifies the capability of the proposed SMC-based control
method in providing a faster dynamic response over the PI-
based one.

VI. CONCLUSION

This paper proposes a sliding mode controller (SMC) for the
MMC. Based on the analysis of the MMC under the proposed

TABLE III
PARAMETERS OF THE EXPERIMENTAL SETUP

Quantity Value
Nominal frequency 60 Hz
DC source voltage Vpc 100 V
Load Rload 6.7 Q
Load Ljoaa 4.5 mH
Number of SMs per arm N 4
Buffer inductance [ 2.5 mH
Submodule capacitor C' 1410 uF
Switching frequency fsw 8 kHz

20 ms/div
g b e Yo Mo S an S
s (®
Fig. 8. Experimental MMC waveforms under the conventional PI-based

control method: (a) three-phase line currents, (b) ¢- and d-axis components
of the line currents and their references, (c) zoomed-in three-phase line
currents, (d) zoomed-in ¢- and d-axis components of the line currents and
their references, (e) arm currents of phase a, and (f) SM capacitor voltages
of phase a.

SMC-based control method, control parameter relations and
their validity conditions are obtained. Compared with PI-
based control, the proposed control method is capable of
providing a faster dynamic response without compromising the
computational effort or requirement for precise system model.
Simulation and experimental results are presented to illustrate
the salient features of the proposed control method as opposed
to the conventional PI-based control method.
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