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Abstract: The modular multilevel converter (MMC) has been prominently used in medium- and
high-power applications. This paper presents the control of output and circulating current of MMC
using sliding mode control (SMC). The design of the proposed controller and the relation between
control parameters and validity condition are based on the system dynamics. The proposed designed
controller enables the system to track its reference values. The controller is designed to control
both output current and circulating current along with suppression of second harmonics contents
in circulating current. Furthermore, the capacitor voltage and energy of the converter are also
regulated. The control of output current is carried out in dg-axis as well as in af — axis with first-order
switching law. However, a second-order switching law-based super twisting algorithm is used for
controlling circulating current and suppression of its second harmonics contents. The stability of the
controlled system is numerically calculated and verified by Lyapunov stability conditions. Moreover,
the simulation results of the proposed controller are critically compared with the conventional
proportional resonant (PR) controller to verify the effectiveness of the proposed control strategy. The
proposed controller attains faster dynamic response and minimizes steady-state error comparatively.
The simulation of the MMC model is carried out in MATLAB/Simulink.

Keywords: modular multilevel converter; sliding mode control; Lyapunov stability

1. Introduction

The modular multilevel converter has been widely used in medium and high-voltage
applications [1,2], integration of renewable energy [3,4], medium-voltage drives [5,6], and battery
energy management system [7,8] due to its versatile and promising features i.e., modularity, redundancy,
excellent harmonic performances, and transformerless configuration [1,9-11]. The structure of modular
multilevel converter (MMC) is composed of different modules connected in different configuration i.e.,
half-bridge and full-bridge, as depicted in Figure 1.

The control of MMC is categorized into internal current control and output current control. Output
current control is used to control the active and reactive power of converters [9,12]. Along with the
control of output power, the internal dynamic of MMC i.e,, circulating current and submodule capacitor
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voltage, is also in focus. In order to achieve multiple objectives i.e., energy balancing, circulating current
control, and output current control, various control schemes have been introduced in the literature.
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Figure 1. 3 Phase circuit diagram of modular multilevel converter (MMC).

The control scheme introduced by Hagiwara and Akagi [13] is mostly adopted in the literature.
The circulating current control is used to suppress the harmonic contents produced due to capacitor
ripples. The magnitude of circulating current has a high impact on the arm current. It increases the
root mean square (RMS) value of arm current, which will increase power losses and second-order
harmonics will result in further generation of other higher-order harmonics that will increase power
loss and current stresses on switching devices [14,15]. However, no impact of circulating current is
seen on the alternating current (AC) network.

A different current control method is proposed, such as dg — axis control using proportional-integral
controller [16,17]; the output current is controlled in dgq — axis with grid frequency while the control
of circulating current is carried out in double frequency dg — axis frame. But the controller fails to
completely suppress harmonics in circulating current due to limited gain at harmonic frequencies.
This will result in the insufficient performance of MMC in a steady state. PR controller is also
proposed in [18,19] to control the circulating current. However, the design and tuning of multi-resonant
control is difficult and complicated. Moreover, any small deviation in frequency will lead to a larger
deviation of the control variable from its reference. In [20-23], the authors proposed a harmonic
repetitive controller and plug-in repetitive controller for suppression of second harmonic in circulating
current, but achieving a stable operation and excellent control performance may be a trivial task.
Furthermore, these controllers are tuned at a specific frequency, and a small variation in frequency
can lead to the failure of the controller. A combination of spatial comb and the spatial repetitive
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controller is proposed in [24] for suppression of second harmonic current and controller of output
current, but the author has not discussed the balancing of capacitor voltage and energy of converter.
A sliding mode controller is proposed in [25] to control the current of the converter, but the author
does not consider the store energy and energy difference between arms. Moreover, the circulating
current is controlled in a double-frequency dq — axis frame. Interconversion of different frames will
cause a computation burden for a large system. In [26], sliding mode control is proposed only for
controlling the output current, although the circulating current and energy balance of the converter
is not considered. Moreover, the circulating current is controlled in the dqg-axis frame. Hence,
interconversion of the different frames will increase the computational burden. The arm inductor also
has a prominent effect on the circulating current studied in [27], but the large value of inductor will
result in bulkiness of the converter. A backstepping controller is introduced in [28] to eradicate the
harmonic content of circulating current. Although the amplitude of second harmonic current is reduced,
it is not eliminated completely. A feedback linearization [29], model predictive approach [30-32],
and langrage optimization-based control [33] was proposed to control parameters of MMC but the
computational complexity, a well-developed mathematical model, and variable frequency operation
limit the effectiveness of these strategies.

In order to cope with the problem and complexities of different control strategies, SMC [34] is
proposed for controlling output current, circulating current, capacitor voltage, and energy balance
of MMC. The indirect SMC control can be easily adapted for power converters. The remarkable
characteristic of SMC is its easy and simple implementation and tuning. Moreover, the response of a
closed-loop system becomes insensitive to some uncertainties due to the use of SMC. This principle
will cope with the intrinsic model variations. Furthermore, the implementation of circulating current
control in ABC frame will reduce the computation burden of different transformation (Tjpce44) needed
during desigthe n of control schemes. The two terms of control law i.e., equivalent term and attraction
term, will combinedly move the system trajectory to the sliding surface and keep it steered on it. The
condition of attraction is satisfied by choosing a proper derivative. A first-order SMC is designed
for output current control in dg — axis. However, a second-order SMC based on the super-twisting
algorithm is designed to suppress the second-order harmonic current and steer the value of circulating
current on the DC reference.

The paper is organized as follows. Section 2 describes the modeling and operation of MMC.
Control structure design and stability analysis is represented in Section 3. Section 4 contains the results
and discussion, while the paper is concluded in Section 5.

2. Modeling of MMC

The equivalent single-phase circuit of MMC is depicted in Figure 2. The different currents flowing
in arms of MMC are defined as [35]

Zo,]'

iu/]' = ic/]' + 5 1)
. . iO,j

Lj=lej= = ()
lo,j = dy,j =11 ] 3)

. 1 . .
Ie,j = E(lu,j + ll,j)' 4)
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Figure 2. Phase equivalent circuit of MMC.

By applying Kirchhoff’s voltage law on the upper and lower arm of the circuit in Figure 2, we get
the following voltage equations

1 . diu/]‘ -
_Evdc+€ulj+lu’jR+L7+Uj = 0, (5)
1 . dil,]' _
- Evdc‘*'el,j"'ll,jR'i'LW_vj =0. 6)

Adding and subtracting Equations (5) and (6), along with the substitution of Equations (3) and (4),
will result in a new set of equations given as

L dio,j —eyjteyi\ R.
2 dt :(T Tl Y @)
| —

Us/]'

dicj ey,j tepj vV,
o |V _Ri. .4+ 24
dt ( 2 ) fej T ®)
S —
Uc,j

Equations (7) and (8) characterize the dynamics of MMC. By analyzing Equation (7), it is concluded
that as v; is AC bus voltage, only v ; can be manipulated to control outputhe t current i, ;. Similarly,
Equation (8) is used to control the circulating current dynamics of MMC. Likewise, in Equation (8), i,;
can be controlled by manipulation of the internal voltage v ;. Moreover, the internal dynamics of the
SM capacitor also has a great effect on the circulating current. It is represented in terms of arm voltages
and arm currents as

do* .

C *“eu,j .

NTar i ©)
do> .

C cl,j .

N—dt = nl,jzl,]-. (10)

(ni , n' ) = 1 means the capacitor is inserted while (n! , n' ) = 0 means the capacitor is

i
u,j’ u,j wj’ uj
bypassed in respective arms. Equations (8)—(10) combinedly represent the internal dynamic of MMC.
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Equations (1) and (2) are substituted in Equations (9) and (10) to represent capacitor dynamics in
terms of output current, circulating current, and insertion indices (1, ny).

1 Cdvczu/j . io,j

Noar et ) ()
Cdv> . P

1 cl,j B _— Zo,]

N dt - nl(lc,] 5 )/ (12)

While n, = v;;vs and n; = UC;;US, v; and vj are the controlled inputs to the plant. The internal

cu cl

dynamic of MMC is controlled through the convergence of i ; to a DC component Aﬁ In control
of MMC, n,, and #; are available for manipulation. Also, v%, and vg are forced to converge to V. for

controlling the internal dynamics of MMC. Equations (1)-(12) are modeled in MATLAB/Simulink as
depicted in Figure 3.

Figure 3. Simulink model.

3. Control Structure of MMC

3.1. SMC Design Overview

SMC has the remarkable properties of easy tuning, robustness, accuracy, and easy implementation.
These features allow for the use of SMC in various domains for controlling nonlinear processes. Hence,
SMC is used in control of different applications such as electrical drives [36-38], power converter
converters [39], microgrid control [40,41], wind energy control [42], and many more.

The SMC system is designed to steer the states of a system onto a specific surface in state space,
called the sliding surface. The two conditions, invariance and attractivity, made the trajectory steer on
the sliding surface. The conditions are given as

Ss(x) =0 if Ss(x) =

0
Ss(x) <0 if Ss(x) >0 . (13)
0

Ss(x) >0 if Ss(x) <
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The condition given in Equation (13) defines the control law for a given system. The control law is
composed of both invariance and attractive condition. The mathematical expression for control law is
given as

ut = u® + u', (14)

att

u* represent control input to the plant. u®, u"** represents invariance and attractive terms respectively.

The two terms in control law have distinct features.

1.  The first term is equivalent control, which keeps the system trajectory on a sliding surface.
2. The second term is used for attractivity; it brings the system from outside to the sliding surface.
Usually, it determines system dynamics from initial point to sliding surface.

Both the above conditions are graphically illustrated in Figure 4.

1l

Sliding Surface
S(t)=0

e
>

Chattering
Phenomena

<

Reaching
Phase

Figure 4. Sliding surface.

Consider a nonlinear system described as in [43] for designing of control law
x = f(x) +g(x)u, (15)

where x € R" is the system state vector and f(x) and g(x) are a nonlinear function of the system state
vector (x) and input vector (u). The switching function for a system is defined as

n—1

Ss(x) = CTx = Z CiXi + Xn, (16)
im1

where CT = [c1,¢2...cy-1,1] are the coefficients of the sliding surface. The derivative of the sliding
surface is given as
Ss(x) = CTx. (17)

Substitute the value of x in Equation (17)
Ss(x) = CTf(x) + CTg()u, (18)

by assuming the reaching law

Ss (x) = —Qsgn(Ss(x)) — KSs(x), (19)
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while Q and K are positive real numbers. Combining Equations (15)—(19) we get control law as

u=—(CTg(x))™'CT f(x) - (CTg(x)t) ' Q(sgn(S(x)) — KS(x)). (20)

Equation (20) gives the control input to the plant. By choosing a proper value for Q and K, the
system output parameters will follow the desired performance.

SMC is very effective in the control domain, but an undesirable chattering problem is associated
with it, as depicted in Figure 4. This should be eliminated as it gives rise to oscillations and appears in
the output. Different techniques are used to solves chattering issues. In our control scheme, we use the
saturation function for output current loop as described in [40,41], while the super twisting algorithm
is used for control of circulating current to cope with this issue effectively. The second-order algorithm
makes the law continuous; hence, it handles the chattering issue in a very efficient way.

3.2. Output Current Control

The dynamics of the output current are shown in Equation (7). As it is clear from the equation that
vs,j is available for manipulation to control the output current, Equation (7) can be also be presented in
the below form

v diog i )

s, L d{lj'ltb R| lon a
Usp | = E ;t + E op |+ Op | (21)
Usc % io,c Uc

Equation (21) is transformed from abc to dgo using Park’s transformation (Tppc=dq) [16]-

Ccos wst cos(a)s — 27”) cos(a)st + %”)

Tape=dg = 3| - sinwgt —sin(wst — 27”) —sin(wst + %” ) (22)
1 1 1
2 2 2

For balanced three-phase system, Equation (21) can be represented in dg — axis as

dig, R .
L| — 5 —wsL
RARE R o PN @
Ugs 2 = wsL ol ig0 Uy
Equation (23) is used to formulate the control law. The control law is formulated by considering
both invariance and attraction condition as

v;ls = st + Z)Zit, (24)
Ugs = Vs + UZ?. (25)

The first terms in Equations (24) and (25) represent the equivalent voltage vector. The equivalent
voltage vector is active during steady-state, and it will steer the system trajectory onto the sliding
manifold, while later terms in Equations (24) and (25) represent attractive voltage that is active in the
transient state. The attractive term forces the system trajectory to the sliding surface. The error for
both d-axis and g-axis current is defined as

e = iy~ iag (26)

The relative degree of the system is r = 1. Hence, the sliding surfaces selected for I;; and I, are
as follows

Ss =iy, —igo =0 (27)
Ssq = lpo—lgo = 0. (28)
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The vf,, and vg, terms that are calculated from Equations (27) and (28) given as

. dig 1 . .
Seq = —d—to = —Z(ngs - Rld,o + a)Squ,o - ZUd) =0 (29)

. di 1
q,0 . .
Soq=-—r = —Z(Zz;gs = Rigo — wsLig, — 20q) = 0. (30)
By simplification of Equations (29) and (30), we can get an equation for the invariance condition

of the design controller.

1, . .
0, =g+ E(de,o — wsLigy) (31)

1, . .
UZS = Uq + E(qu/g + wslero) (32)

m

From Equations (26) and (27), z'; o = i i

and solve for the value v

and i;’o = ig’fo replace the value in Equations (29) and (30),

*

. G
, and vj; given as

d:
. 1. " LdSg
’(st =04 + E(Rldﬁ - a)squ,O) - 57 (33)
——
%, o
* 1 o o L dssq
qu = Uq =+ E(qu’o —+ a)stdro) - 57 (34)
~——
o, ot
The switching functions S,; and Ss; used in control law are given as
8 q &
LdSsy L
ol = ) d: = _E(_stg”(ssd) —KySa) (35)

ds
L

The —K;Ss; and —K;;Ss, terms force the state trajectory to approach the sliding surface. The rise

time will reduce with a larger value of K; ; while a small value of Q; will minimize the oscillation.
The fully controlled law is given as

BB
v;s vgs vgs
while ‘
S I o P I (38)
USS wsL % i;,o Uy
vt Qd 0 sgn(S d) Kd 0 S d
ds o Si S
[ vg? ]_L([ 0 Q ][ sgn(Ssq) - 0 Ky || Ss ) )

The implemented control structure for output current control is depicted in Figure 5.

Theorem 1. The proposed designed control scheme based on SMC is asymptotically stable and ensures
boundedness of tracking error of output current if the reference dq-axis voltage v’, is chosen as in Equation (37).
qs

Proof of Theorem 1. The stability of the system can be checked using Lyapunov stability analysis [43].
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A Lyapunov function is defined as
1
V= 553' (40)

In order to ensure the stability of Equations (33) and (34), the following two conditions need to

be satisfied .
V<0forSs; #0

limitV = oco. (41)
|S|—00
)
Reference Controller
)
* 2
Pref /3vds SMC quz b
U*
2 ds o
— /3‘qu " dqo *
- Feedforward Y,
Term R abc
v‘;s 7]
| —

Figure 5. Output current control structure.

In order to check the first condition of Lyapunov stability, the derivative of Lyapunov is given as
V= Ssdqssdq~ (42)

The value of Ssdq is substituted from Equations (29) and (30)

1., ) )
Ssqusdq = _SquE (Zvdqs - 2qu — Rldq,o =+ a)stqd,O). (43)

Similarly, from Equations (33) and (34)

* 1 > -_ ok
Vs = Odg + §<Rldq,o F wsqud,o) - ESqu. (44)

The value of v;qs is substituted into Equation (43). The equation is modified as

. Sedg

" . _ " . L.
SsdqSsdg = ——— R(ld 0~ Zdq,o) F wsL(i do 1qd,o) — 5 5sdq )- (45)
L q, g4, 2

Substituting the value of Equation s(27) and (28) and Equations (35) and (36)

. R 1 1
Ssdqssdq = __Sgd + Cl)sSstsq - _qussdqsgn Ssdq - —defd . (46)
L g 2 2 q
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This equation for g-axis current returns a negative value regardless of the sign of sliding
surface Sy; and Sg; that ensures the stability of the system. However, for d-axis, wsSs; < %Ssd +
% (Qusgn(Ssq) + K;) Equation (44) shows that for any value of switching function, the derivative of
the Lyapunov equation is negative. Similarly, the second condition of stability is also fulfilled. O

3.3. Circulating Current Control

The circulating current is generated due to the inner voltage imbalances between the arms. It
flows in each phase leg of the converter. Circulating current is in the form of a negative sequence
current with double grid frequency [16]. It does not affect the output current or voltage, except it
increases the losses of converter. The circulating current has two parts is given as

, I
w:§+m, (47)

The value of i, is forced to follow DC current (I‘”TE), which will result in the suppression of second
harmonic current. The switching law for the circulating current control is composed of equivalent

voltage and attractive voltage.
* e att
Uc,j - Uc,j + Uc,j (48)
Similarly, the switching function for circulating current control is given as

Sec =5 j=icj =0, (49)

di. ; .
By taking the derivative of Equation (49) and substituting the value of % from Equation (8),
we get

dSsc . dicrf o 1 e . VdC _
a dt _Z(_vw‘ ~ Rigj+ 7) =0 0
By solving Equation (50) for equivalent voltage ‘v¢ i
, V
Ui,j = —Rlc,j + % (51)

Substituting Equationa (51) and (49) in Equation (48), we get

. o Ve dSsc
v = _RZC,j+ > +L T (52)
—_—
vl vt

oj cj

In order to converge switching function to zero, the super-twisting algorithm is used for circulating
current. Due to its continuous nature and integral term, it will compensate for the high-frequency
disturbances i.e., second harmonic current. It will retain the continuity of function along with
attenuation of disturbance. The super-twisting control algorithm is given as

Z)Z,t; = L% =L~ ‘/flsscI“Sgn(SsC) a 1'1Kfsgn(SSC)) )

where a = % The larger value of K will result in a good performance of the closed-loop system. This
second-order controller will reduce the oscillatory contents of circulating current and will track the DC
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reference effectively. Equations (51) and (53) combinedly givesthe control law for circulating current
control. The overall equation is given as

. Vv
v, ;= —Ric,j + % — L| VK|Ss|¥sgn(Ssc) + 1.1Kfsgn(Ssc)). (54)

v:,]. will provide a controlled input to the plant. The reference value of circulating (iZ,j) current is
one-third of DC current. Along with the DC component, an increment (Ai}) derived from the energy
equation is added to the reference to keep the converter’s energy balanced. The energy balancing
technique used in [44] is adopted in this paper. The time derivative of energy sum and energy difference

is given as
AW o
d—tz = ZZJC,]-IC — Uslo (55)
aw, . o
d_tA =0 o~ 20v5ic. (56)

Wy = W, + W; and Wy = W, — W,. In order to enhance the performance of circulating current
controller, the mean value of vfu,‘ and vﬁ,. is made equal to V. by converging Wy to Wy, and Wy to
zero. Equations (565) and (56) are integrated to get Wg and W, as in [35]. Hence, the increment term
Aiy is obtained

AP = Kgym(Wsgo — LPF(Wy )) = KALPF(W, )coswt. (57)

LPF represents low pass filter, and LPF and K, are positive constants. The control structure for
circulating current control is depicted in Figure 6. However, the overall control scheme implemented
for control of MMC is depicted in Figure 7.

4 )
(" ) 4 )
Reference Feed forward
Calculation Term
1 |4
 Pref /mv, —Ri, +-2
buj \ J 2

i) Ai’

Figure 6. Current control structure.

Theorem 2. The proposed designed SMC-based control scheme for circulating current is asymptotically stable
and ensures boundedness of tracking error if the reference internal voltage v:j is chosen as in Equation (54).
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Proof of Theorem 2. Like the output current controller, the stability of the circulating current controller
is also ensured. From Equation (42), in the case of the circulating current controller, the value of the
switching function is substituted from Equation (49)

- dic,j 1 .V
Sucbee = —Su— = —SSCZ(—U; o~ Rigj + %) (58)
ij is calculated as
. Vv :
o), = =Ril; + ¢ + LS. (59)

The value of v;]. is substituted into Equation (59), and simplifying the equation,

Sscssc = _SSC%(R(iZ/]' - ic,j) + LSSC>' (60)

Finally, the value of SSC is substituted with Equation (53)
. R 1
SscSsc = _ZSZ + \/KSSC|SSC|ngn(SSC) + 1.1Kszcsgn(Ssc). (61)

Hence, SSCSSC <0if
R
s

> (\/KS|S|%sgn(S) + 1.1Kszgn(S)). (62)

In the case of the circulating current controller, Equation (62) should be satisfied for the stability
of the system. However, the second condition of Lyapunov is satisfied.

4 N
i* ( V*
? Output W $
: Current Controller
to > J
ic —P(
¢ Circulating
Current Controller
le —’\
A
. ( )
Ai; »
P
X
Vey Iy
v PWM >
Arm Energy
n »
Controller E'] l v
A A >
— —  J
P
Vel
N\ J

Figure 7. Structure of MMC.
4. Results and Discussion

A three-phase model of MMC is simulated in MATLAB/Simulink to analyze the performance
of the design control scheme. The value of different parameters is presented in Appendix B. The
simulation was carried out for 1 s, but to show the transient response, the time axis is scaled to 0.3 s.
Moreover, the scale of the y-axis is kept the same for easy visual comparison.
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The output current of MMC is transformed and controlled in dg- axis. However, for the sake of
comparison with the PR controller, the output current is also controlled in a stationary frame (af — axis).
The reference value of output current is generated from the desired active power and reactive power.
The measured values of output current (I, 1) track their respective references perfectly as depicted in
Figure 8a,b. The d-axis and g-axis currents are attracted to the reference values and perfectly follow it.
The designed controlled attractive term and equivalent term contribute well in achieving control goals.
The system reaches steady-state at f = 0.02 s. The controlled value of these currents ensures that MMC
is delivering the desired active and reactive power to the grid. The response of proposed SMC is fast
and efficient as the controller works well in dynamic as well as in steady-state.

Figure 9 shows the control of output current in the stationary reference frame. The results of
the proposed controller are compared with PR. The control law developed in the case of a stationary
reference frame is given in Appendix A. Figure 9a shows output current controlled through SMC
while the control of output current through PR is depicted in Figure 9b. The comparison of both
controllers shows that the SMC is capable of reaching the respective reference value quickly, which
shows the fast response of the proposed controller and perfect tracking of the desired value with almost
zero steady-state error. As an initial condition for the sliding surface is zero, f-axis current catches
its reference values right from the start and the attractive term of controller helps a-axis current to
reach its respective reference. After reaching the reference, the equivalent term perfectly keeps the
measured value on the track to minimize steady-state error, while in the case of the PR controller,
the transient response of the controller is slow. It takes too much time to track the reference value.
However, the response gets better in steady-state; but the steady-state error still exists. The error
of both controllers is represented in Figure 10, and provides a clear comparison of both controllers.
Figure 10a shows that SMC has an error of 5 A both in transient and steady-state, but the PR has a peak
of almost 100 A in transient while 20 A in steady-state. This shows the crystal-clear effectiveness of the
proposed controller.

1200 — T (aw) T T T T
g 1000
—° 800 - Attractivity Laret — Ta |
600 | | | \ \ \ | \ \
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
(b)
100 — T T T T T T T

—_

R —

—-100 |- L\ Era—
2200 - Attractivity qref a) |
300 | \ | I | | | | |

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

Figure 8. Output current; (a) d-axis current; (b) g-axis current.
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Figure 9. Output current in «f3-axis and its references; (a) control using sliding mode control (SMC);
(b) control using proportional resonant (PR).
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Figure 10. Error signal of output current; (a) SMC; (b) PR.

Figure 11 shows the reference and measured values of circulating current (i ;). The reference

of i ; is set according to value % = MLVdc i.e., 250 A. The convergence of i ; ensures that the second
harmonic current flowing in each leg of the converter is suppressed and only the DC component of
the current is flowing in each leg. Consequently, it will result in the reduction of converter losses
and reduces current stresses on the switches. Figure 10a,c shows the dynamic response of circulating
current using SMC and PR controller, respectively. The response of SMC is fast and efficient as it
reaches a steady-state in 0.05 s while PR takes almost 0.15 s to reach a steady state. This shows the
response of SMC is three times faster than PR in case of circulating current control. The responses in
steady-state are given in Figure 11b,d for SMC and PR controllers, respectively. The effectivity of SMC
is persistent in steady-state as well. The current is converged perfectly at reference value in the case
of SMC while the response of PR is subjected to large amplitude oscillation and different current is
flowing in different legs of MMC. Notably, phase C has a large deviation from the desired value. The
difference between the measured value and the reference value is almost 20 A. Besides this difference,
the second harmonic contents of circulating current still exist. The PR controller fails to fully suppress
the second harmonic current. This will lead to more converter losses and current stress in devices for
the same size and rating of converter.
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Figure 11. Current with references (a,b) control with SMC; (¢,d) control with PR.

Figure 12a,b shows the error of circulating current. As it is clear from Figure 11, the error has
an amplitude of about 200 A up to t = 0.05 s while after the dynamic response, still there is a large
steady-state error that exists in the case of the PR controller. However, the SMC has a good contribution
toward achieving the control goal. The error in the case of SMC has an amplitude of maximum of 5 A
in steady-state.
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Figure 12. Circulating current error; (a) SMC; (b) PR.
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The response of the upper arm capacitor voltage is depicted in Figure 13. This response of the
lower arm capacitor voltage is not shown as both the upper arm and lower arm have almost the
same response. Figure 13a shows the capacitor voltage response in the case of SMC while Figure 13b
shows the capacitor voltage in the case of the PR controller. As both controllers are using the same
energy-balancing control based on only proportional control, the ripple magnitude and capacitor
voltage of the upper arm is almost the same. The uses of SMC guarantee a well-regulated capacitor
voltage for all three-phase arms. The smoothness in the capacitor voltage ripple reflects the output
voltage of the converter.

g LT , @ | |
2, 2 0600006 200000000000500200200000000001
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Figure 13. Arm capacitor voltage; (a) control with SMC; (b) control with PR.

The energy sum and difference between the upper and lower arm are shown in Figure 14a—d.
Figure 14a,b shows the responses of during use of the proposed controller while Figure 14c,d show the
response of the PR controller.
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Figure 14. (a) Energy sum control with SMC; (b) energy difference with SMC; (c) energy sum with PR;
(d) energy difference with PR.
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The energy sum is equal to the phase leg energy of MMC. The reference of Wy, is calculated
from the equation NC (vsm)z. Usm is SM voltage. The measured value of each arm is stabilized and
follow the respective reference perfectly after t = 0.06 s. As SM capacitor voltage is responsible for
energy storage, the regulated capacitor voltage results in a good and fast response of leg energy. After
the initial charging of a capacitor, the response becomes well-regulated and follows the respective
reference value. Similarly, Figure 14b depicts the energy difference between arms. Initially, due to the
charging of the capacitor, there is a difference between an upper and lower arm of phase C but the
controller tackles the problem and energy difference becomes zero afterward. The energy difference
also ensures to track its reference value. The difference becomes zero at t = 0.04 s. This will cause both
arms to reach equipotential and, hence, now charges will flow from one arm to another. However, in
the case of PR, the measured leg energy reaches its reference value at ¢ = 0.3 s, which shows a very
slow response as compared to the proposed controller. Similarly, the energy difference becomes zero at
t = 0.2 s, which also indicates a slow response. However, in steady-state, the PR controller tracks the
reference energy difference signal.

Figure 15 depicts the output voltage of MMC. The output voltage has a good response to the
proposed controller. The good response of output voltage is due to the well-regulated capacitor
voltages of the upper arm and lower arm.

acony beonv ccony

7MWMWMWW&MWMWMMM

Tlme (sec)

com

Figure 15. Output voltage.

The results of the proposed controller and PR controller are shown in this section. SMC shows
good encourageable performance as compared to PR. The attractive term in control law shows a good
response, which is reflected in the result. The result shows that SMC has a fast dynamic response
compared to PR. Moreover, in steady-state, it also minimizes the error, while in the case of the circulating
current controller, the super-twisting algorithm has effectively suppressed second-order content in
circulating current, resulting in a very small error as compared to PR.

Moreover, to have a clear picture and conclusion, the performance indices of both the controller
are measured and represented in Tables 1 and 2. The lower value of performance indices indicates
good and stable control response.

Table 1. Performance indices of output current controllers.

io,cx io,ﬁ
1. ISE: 905.6 1. ISE: 509.6
PR 2. TAE:  9.652 2. IAE: 944
3. ITAE: 2.679 3. ITAE: 2831
1. ISE: 1914 1. ISE: 0.01842
2. IAE: 2.161 2. IAE: 0.09404

Proposed Controller
3. ITAE: 0.03498 3. ITAE: 0.03941

ISE: Integral square error, IAE: Integral absolute error, ITAE: Integral time absolute error.
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Table 2. Performance indices of circulating current controllers.

Phase A (i¢;) Phase B (i ;) Phase C (icc)
1. ISE: 1353 1. ISE: 1288 1. ISE: 1456
PR 2. TAE: 16.13 2. TAE: 16.13 2. TAE: 16.69
3. ITAE: 4344 3. ITAE: 4.125 3. ITAE: 3.815
1. ISE: 220 1. ISE: 742 1. ISE: 75.41

N

IAE: 1493 2. IAE: 0.6611 2. IAE: 1155
3. ITAE: 02748 3. ITAE: 02711 3. ITAE: 0.2905

Proposed Controller

ISE: Integral square error, IAE: Integral absolute error, ITAE: Integral time absolute error.

Table 1 shows the performance indices of output current controller. In the case of “iy «”, the
integral square error (ISE) value of SMC controller is higher than PR controller. This is because the
initial value of the sliding surface is zero while the initial value of “i, «” is 1000 A. However, as the
controller approaches its desired surface, it gives lower integral absolute error (IAE) and integral time
absolute error (ITAE) values than the PR controller for iy, . However, in the case of f— component
of output current, SMC has lower values of ISE, IAE, and ITAE, which show the good response
of controller.

Similarly, the performance indices for circulating current controllers are given in Table 2. By
analyzing the value of all three-phase current, values of ISE, IAE, and ITAE are much smaller in the
case of SMC compared to PR. As small values of performance indices shows best performance, it is
concluded that SMC has a better response than PR in the case of circulating current.

5. Conclusions

This work is based on the current control of MMC using SMC design. Output and circulating
current are controlled using separate controllers. The controller ensures the reference tracking of
both output current and circulating current, and the second harmonics contents is well suppressed.
Moreover, the proposed control scheme regulates capacitor arm voltages and the energy of system. The
design of SMC-based control shows fast response in a transient state as well as in a steady state. The
attractive term and equivalent terms in control law work very well. The measure value is attracted and
steered on the reference value effectively. The design shows optimal performance of MMC parameters.
The stability and robustness of controller is proved using Lyapunov analysis.
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Appendix A

Meaning

Reference values

Equivalent and attractive terms

Three phases (abc)

upper arm and lower arm currents of j phase
output and circulating currents of j phase
DC link voltage and current respectively

27 harmonic of circulating current

internal voltage of upper arm and lower arm
Phase leg resistance and Inductance

Grid voltage

Converter output and internal voltages respectively
Submodule capacitance

Number of submodules in one arm
Submodule capacitor voltage

sum of capacitor voltage of upper arm and lower arm
insertion indices

active power

number of phases

Sliding surface

control input

Quantity in three phase (abc), dg and af systems respectively
angular frequency of grid voltage

Output voltage in dg-axis

Grid voltage in dg-axis

output current in dg-axis

Positive constant

Lyapunov function

Energy sum and difference of both arms
Signum function

State vector

nonlinear function of system state vector
co-efficient of sliding function

Low pass filter

19 of 22

Units

>

mT<<D< PS>
uy

< < |

Illgl

S
ISW

e < <y

—

Transforming Equation (21) to stationary reference frame (af) by using Clarke’s Transformation (Tabe=apo)s

we get

E io,a Vg
+2[ iog ]+[ op ]

d ‘0 3
Usa | E ;t
Us,ﬁ - 2 d;(?trﬂ

Equation (A1) is solved for value v} | 8 given as

. 1 . L dSs,a[%
[ ap = vaﬁ + ERlo,aﬁ — E TR

S,
—_——— —

o° att
sap s,ap

The switching function S; 44 used in control law is given as

it 3 L dSs,lxﬁ L

“ap =274 2

(Qaﬁsgn(ss,aﬂ) + Kaﬁss,aﬁ)-

(A1)

(A2)

(A3)
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Qap, and K,p are positive and real numbers. The ful control law is given as

. t
%= Ugs + Ug?t
Ugs Ugs ttvgs (A4)

e a
Us,aﬁ - Us,aﬁ + vs,aﬁ

while
. 1 . L
Ugap = Vap + ERlo,aﬁ + E(Qaﬁsgn(swﬁ) + KaSS,aﬁ). (A5)
Appendix B
Table Al. Converter Speciation.
Parameters Value Symbols  Units
D.C Voltage 200 Vi kv
Grid Voltage 100 Vs kv
Output Peak Current 1 I kA
Frequency 50 f Hz
Number of level 12 N -
Inducatnce 50 L mH
Resistance 1.57 R (@)
Capcitance 0.45 C mF
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