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Abstract: This paper presents a novel method for current control for a modular multilevel converter
(MMC). The proposed current control methodology is based on a modified sliding mode control
(SMC) with proportional and integral (PI) sliding surface which allows fast transient responses and
improves the robustness of the MMC control performance. As the proposed method is derived via
Lyapunov direct method, the closed-loop stability is ensured and results in globally asymptotically
stable. Furthermore, the reaching time is also guaranteed by the proposed method, leading to fast
transient responses. The proposed method is validated by comparing with some existing methods,
which are proportional integral controller and conventional SMC, via offline and hardware-in-loop
(HIL) simulations where a 10 MW, medium-voltage MMC system is tested. According to these results,
the proposed method is able to provide fast transient responses, zero overshoot, and robustness to
the weak grid and short-circuit conditions.

Keywords: current controller; hardware-in-the-loop; modular multilevel controller; PI sliding surface;
sliding mode control

1. Introduction

Renewable energy (RE) technologies offer the promise of clean, abundant energy
gathered from self-renewing resources such as the sun and wind [1]. In fact, power grids
have managed the ever-increasing shares of RE, as evident from the fact that there was an
increase of 3% of renewable electricity generation in the first quarter of year 2020, compared
to that of 2019 [2].

To extract the RE, power converters are used as interface from renewable sources to
the grid or load. A voltage source converter (VSC) is the main interconnection device for
distributed generators (DGs) and energy storage systems. According to their topologies,
VSCs are categorized into two-level VSCs [3], cascaded multilevel converters [4], diode-
clamped VSCs [5], flying capacitor converters [4], and MMCs [6]. Among them, an MMC
provides modular and scalable structures which can satisfy any voltage requirements. In
addition, the superior harmonic performance can be generated by this converter since the the
output voltage is produced based on stacking-up of a large number of identical submodules
(SMs) leading to a sinusoidal voltage waveform with less filtering effort. Due to its feature,
this converter is suitable for medium- and high-voltage applications, e.g., high-power motor
drives [7], high-voltage direct current transmission (HVDC) [8], unified power flow controller
(UPFC) [9], and static synchronous compensators (STATCOM) [10,11]. Moreover, for grid-
connected PV systems [12], modular multilevel inverters are the preferred solution to connect
large-scale PV plants [13] to the medium-voltage (MV) grid because then the costly and bulky
transformer can be removed.

Various control strategies from the classical to the more advanced ones have been
devoted to regulate the current and power of MMCs. Proportional integral (PI) [14,15]
and proportional resonant (PR) controllers [16,17] have been applied for MMC control.
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However, when the power system is subjected to uncertain disturbances, the performance
of both controllers will be degraded. To overcome the influence of uncertainties, there
have been various nonlinear controllers proposed to deal with this issue. Predictive control
methods have been employed to regulate the grid-side current of MMCs [18]. The control
signal is obtained by minimizing the cost function, which is a function of the error. The
Lagrange-based optimization is then used to solve iteratively in every sampling time, which
may suffer from computational burden. Furthermore, the optimality may be achieved,
but the stability cannot be ensured. Although the computational effort has been reduced
by [19], the robustnessof the system has not been investigated yet. Such uncertainty
occurrences may lead to system instability. The feedback linearization has been proposed to
control the MMC output current [20]. However, the control design is based on a linearized
model. Recently, the application of sliding mode control (SMC) in power converters has
attracted the attention of researchers because it has many advantages compared to other
types of controllers. SMC is a nonlinear controller which provides robust features for
parameter variations and is insensitive to uncertainties. In addition, SMC is relatively
easy to implement in the system. Nevertheless, in SMC, the discontinuous control signal
causes a phenomenon called chattering [21]. There are many ways to reduce the chattering
phenomenon. One of them is called second-order sliding mode control (SOSMC) [22]. The
concept of the SOSMC is to convert the discontinuous function into a continuous function
by employing higher-order derivative of the control signals. Chattering phenomenon is also
commonly caused by high switching gain applied to compensate the system uncertainties.
The high switching gain will cause the system to be overconservative, so that the control
signal provided is too excessive and causes chattering. To overcome these problems, the
saturation function replaces the sign function. Yang et al. implemented the SMC in MMC
control [23]. However, the sliding surface is based on conventional one. The conventional
sliding surface can ensure that the plant will be converged in finite time, but the steady-
error cannot be eliminated. Ishfaq et al. proposed an SMC controller which is called the
super-twisting controller (STC) [24]. The advantage of the STC is the ability to prevent
chattering, and the controller design is not based on the time derivative of the sliding
variable. However, if the sliding surface is not properly selected for the STC, the result may
lead to an unacceptable performance. Uddin et al. [25] designed a controller to control
both output current and circulating current along with suppression of second harmonics
contents in circulating current. The switching law is also based on the super-twisting
algorithm.

In this paper, a new control method based on SMC with integral surface is proposed
for an MMC. The integral sliding surface is employed to eliminate the steady-state error and
improve the performance of the closed-loop system. To demonstrate the practicability of the
proposed method, a hardware-in-the-loop (HIL) simulation for an MMC was implemented.

This paper is organized as follows. In Section 2, the dynamics of the MMC are derived.
Section 3 presents the existing control methods, i.e., PI controller, conventional SMC, and
the proposed method. All the control performances are verified via offline simulation and
HIL demonstrated in Section 4.

2. Modular Multilevel Converter Modeling
2.1. Modular Multilevel Converter Modeling

The schematic of a three-phase MMC is depicted in Figure 1. Each phase is composed
of two arms connected in series between the DC terminals. Each arm consists of an arm
inductor, l4,, and N series-connected half-bridges SMs, in which each SM is equipped with
a capacitor. The main function of the arm inductor is to limit fault and parasitic currents [26].
The arm resistance 7,4, represents the arm power loss of each arm in the converter.
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Figure 1. The schematic circuit of MMC.

To derive the model of the MMC, one may follow the analysis presented in [11,27], and
the single-phase equivalent circuit, as shown in Figure 2 is considered. The voltage sources
Ucyj and v)j represent the AC voltages produced by SMs. The DC voltage is considered as
constant and is denoted by Vj, in Figure 2. By applying Kirchhoff’s current law (KCL), the
line current can be obtained as

ioj = iuj - ilj/ 1)

where i,; and i; are the upper and lower arm currents of the single phase of MMC,
and j € {a,b,c}. Furthermore, two sets of equations can be written for the AC side via
Kirchhoff’s voltage law (KVL), as defined in (2) and (3).

. . 0

Ueyj + Tarmlyj + larmaluj = % — Uoj 2)
. d. v

Uclj + Tarmllj + larmallj = % + Do) ®3)

Figure 2. Single-phase equivalent circuit of MMC.
Subtracting (3) from (2), and applying (1), one may obtain

vcuj - Z)Cl]‘ Yarm . lm’m d .
T2 T it g T @
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Since v,; = vsj + Rip; + L%ioj, (4) can be rewritten as

Yarm . Larm d.
(B 4 Ry + (2 +L>dtzoj+vsj

Ocuj — Uclj
= 5
> ©
By introducing z)t]- = — UC”j;vclj , Req = r“ﬁm + R, and Leq = l”% + L, the dynamics in (5)
can be simplified into (6):
) d.
Regloj + Leg Ezoj +0sj = vy 6)

Without loss of generality, the single-phase model of (6) can be extended into three-
phase form (7).

. d.
Reqlubc + Leq%lubc + Usabe = Utabe (7)
Applying Park transformation to (7), the dynamic of MMC in dg-axis can be obtained as

Re
TR A
dt | ig Leg | Vig —w _ILL:Z ig

1| Vg
‘Leq{ Veg ] ®)

where i; and i, are the output current in dg-axis, Vy4 and Vy, are the grid voltage in dg-axis,
and Vi; and Vi, are the MMC output voltage in dg-axis.

2.2. Modular Multilevel Converter Control System

In this section, the proposed method, the conventional SMC, and PI control methods
are implemented in the output current controller to compare their performances. To have a
balance control of the capacitor voltages, a circulating current control (CCC) is also needed,
as shown in Figure 3. In order to obtain a fair comparison for various output current control
methods, the CCC control remains the same.
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Figure 3. The general control strategy for MMC.

Figure 4 shows the block diagram of CCC. This is based on the control scheme pro-
posed in [28,29], with feedforward control implemented to minimize the disturbance of the
circulating current on the output current.
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Figure 4. Block diagram of the circulating current control designed in dg-frame.

It is to be noted that the submodule capacitor voltage is closely related to the circulating
current. Thus, controlling the circulating current can effectively suppress the capacitor
voltage fluctuation [30]. As demonstrated in [30], such an approach can effectively suppress
the capacitor voltage ripple. Figure 5 shows a comparison of the total capacitor voltage
ripples in frequency domain with and without CCC. The figure clearly shows that the
fundamental, second, and the third harmonic components are effectively reduced by the
CCC, demonstrating that CCC together with the proposed output current control (this will
be discussed in Section 2.2.3) is able to regulate the capacitor voltage.
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Figure 5. FFT analysis of the total submodule capacitor voltage.

2.2.1. PI Controller

The block diagram of PI controller for regulating i; and i; can be depicted by Figure 6.
The control structure is simply derived from the dynamics (8), and the decoupling term
is added for allowing independent i; and i; control. The control laws for d and g-axes are
obtained as

Vie = —@Laiq+ Vaa+ Kp (iarer — ia) +

Ki | (iiney —ia )t ©)
Vig = wLegiq + Vsg +Kp (imf - iq) +

Ki | (igey — i)t (10)

where K;, and K; are the proportional and integral constants. The d- and g-axis current
references are denoted by igy.r and iy, ¢. Substituting (10) and (11) results in

Rey
|: l’d :| |: [tdl :| Leg R |: l’d :| (11)
lq Leg | Vit 0 -1 lq
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where
Vi = @@M—@+@/@Mf@m (12)
Vi = m@w—@+@/@m—@ﬂ (13)
Taking Laplace transform of (11) results in

For d-axis current,

Iy(s) Loy

= (14)
Viar (s) s+ %
eq
For g-axis current,
1
I 1
q (S) _ Lez{ (15)
thl (S) s+ L—eq
eq
Closed-loop transfer function can be obtained as
la(s) _C(s)H(s)
= (16)
Liref (5) 1+C(s)H(s)
and
lh(s) C(s)H(s)
(17)
Lpref(s) 1+ C(s)H(s)
where
1 Ky(Ts) +1
= K,(1+—)=-"2"2 "~ 1
CO) = Kli+o)= L 18)
Rg
H(s) = L A (19)
R—j]s +1
7T is integral time constant and K; is defined as g,
. _ Leg . . I
selecting 7; = Req’ resulting in
I4(s) - 1
as)  _ Reg
Lier(s) 2o X 1541 20
dref TS+ g
eq

where 7* is the desired closed-loop time constant. Note that the right-hand side of the
above equation is the desired first-order system. The first-order system is chosen as an
ideal model. Thus, proportional and integral constants can be obtained as

Leg
K R,

K = P-4 22

p= 2= @2)

In the paper, we select T* equal to 0.5 ms. Thus, K, and K; can be obtained as 2.07 and
310.35, respectively.
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Figure 6. The current controller of MMC based on PI controller.

2.2.2. Sliding Mode Control

Consider the sliding surfaces as the function of the difference between actual and
reference of current in d- and g-axis.

Sqg = lg— idref (23)
Sg = g —lgrer (24)

Taking the time derivative of (23) and (24) results in
Sa = 14— lgref (25)
S = Ig— iqref (26)
The equivalent control signals for - and g-axis can be achieved by letting §; = 0 and

84 = 0, respectively, which yield

th(eq) = Reqid - WLeqiq + Vg + Leqidref (27)
th(eq) = Reqiq + O)Leqid + Vsq + Leqiqref (28)

The discontinuous control signals are derived based on positive definite Lyapunov,

function defined in (29):
1
Vsmc,n = ES% (29)

where subscript n represents the axis, i.e., d- or g-axis.
Taking the time derivative of (29) yields

Vsmc,n =55, <0 (30)

To satisfy (30) to be negative definite, the discontinuous control signal is obtained as

Vinn) = —11Legsgn(sn) (31)
where 7 is the switching gain, and 7 > 0. Hence, the total control laws for SMC for d- and
g-axis are

Vie = Reqid - WLeqiq + Vo + Leqidref -

1Legsgn(sq) (32)

th = quiq + WLEqid + Vsq + Leqiqref —

1 Legsgn(sq) (33)
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2.2.3. Proposed Method

Figure 7 illustrates the block diagram of the proposed method. To enhance the control
performance of conventional SMC, the PI structure is introduced for the sliding surface.
The integral sliding surface is expressed as

where ¢, is defined as the difference between reference and actual value in d- and g-axis.

Note that A is a positive definite constant. Hence, the sliding surfaces in d- and g-axis can
be represented as

Sq = id*idref+)\/(id*idref)dt (35)
g = g —iqref—i-/\/(iq gt (36)

The time derivatives of sliding surfaces (35) and (36) are obtained as

lq — ldref + A (id — dre f) (37)

S = g — e+ A(iq - imf) (38)

$d

Taking the time derivative of the sliding surfaces $; = 0 and $; = 0 and substituting (8)
into (37) and (38), the equivalent control signals can be yielded as

th(eq) = Reqid - WLeqiq + Vig + Leqidref -

/\Leq (id - idref) (39)
Vigeg) = Regiq+ wLeqiq+ Veg + Leqz’qu —

ALeg (iy = igref ) (40)

Using the reaching law dynamics introduced by [31],

$n = —nsgn(sn) — qSn 41)

where g > 0 and # > 0. To test the stability and error convergence of SMC, a positive
Lyapunov function is selected as (29).
The total control law becomes

th = quid — aJquiq + Vsd + Lqu:dref —
ALeq(ig — iarer) — 11Leqsgn(sa) — 9S4 (42)
th = Reqiq + WLeqid + Vsq + Leql:qref -

ALeg(ig — iq,ef) — 1 Legsgn(sy) — qS, (43)
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Figure 7. The current controller of MMC based on the proposed method.

3. Offline Simulation and Experimental Validations

In this section, the performance of the proposed method is compared with those of the
PI controller and conventional SMC via offline simulation and real-time hardware-in-loop
(HIL). The offline simulation is performed in PSCAD/EMTDC with 0.5 ps sampling time.
HIL is realized by implementing an MMC system in Real Time Digital Simulator (RTDS)
and the current controller in Peripheral Component Interconnect (PCI) eXtensions for
Instrumentation (PXI) from National Instruments (NI) Corporation. A 10 MW, medium-
voltage MMC system was adapted from [32,33]. Table 1 lists the MMC parameters for

offline and HIL simulations.

Table 2 lists the controller parameters. For PI controller, the control parameters are
obtained by using zero-pole cancellation. In addition, the carrier phase shift pulse width
modulation (PWM) is employed for PWM generator.

Table 1. MMC and grid parameters.

Parameters Symbol Value Unit
Grid voltage
(line—to—lin%) Us 4160 v
Grid frequency f 60 Hz
DC-link voltage Vie 8320 \Y%
Grid inductance Ls 0.145 mH
Grid resistance Rs 0.0255 QO
Filter inductance L 0.69 mH
Line resistance R 0.15 Q
Arm inductance Larm 0.69 mH
Arm resistance Yarm 0.01 Q
Numbers of N 3 (7 for offline)
submodule
Submodule
capacitance Csm L5 mF
Switching frequency fsw 6000 Hz




Energies 2022, 15, 1704

10 0of 18

Table 2. Controller parameters.

Controller Parameters Value
PI Proportional constant K, 2.07
Integrator constant K; 310.35
SMC Switching gain # 1250
Proposed Switching gain 1250
Sliding surface gain A 5x107°
constant q 0.2
PI for CCC Proportional constant K, 1.5
Integrator constant K_;,; 0.01
Feedforward constant K 6

3.1. Simulation Results

Three cases will be studied, and they are active and reactive currents tracking, currents
regulation under short-circuit conditions, and investigation on the interaction between the
output current and circulating current control to show the superior performances of the
proposed method. The number of output level is selected to be seven.

3.1.1. Case 1 Active and Reactive Currents Tracking

This case demonstrates the tracking performance of iy and i;. Figure 8 shows that the
results for iy, s change from 0.01 kA to 1.5 kA at t = 0.5 s, while 7,,,f is kept constant at
0 kA. As can be seen in Figure 8, the settling time of PI controller and conventional SMC in
the d-axis current components requires a longer time than the proposed method.

Furthermore, the proposed method produces zero overshoot and oscillations. On the
other hand, PI controller generates ripples current and oscillations. Moreover, as can be
seen from Figure 9, which enlarges the transient parts of Figure 8, the proposed method
yields the best performance among the three controllers.

2r ‘—Reference —PI ——SMC —Proposed MethodT
15} /V""/\NWAA ———— e
-~ 1r b
<
=
-]
~ 05F b
0 ]
-0.5¢ . . . . . L1
0.48 0.5 0.52 0.54 0.56 0.58
Time (s)

Figure 8. The trajectory of i;j subjected to active current change.

161 |—Reference — Pl — SMC — Proposed Method||

14] /

1.2F

0.8 4

i, (kA)

0.6 4
0.4r J
0.2- J

o— ,

f \ \ \ \ \ \ \ \ \
0.5 0.5005 0.501 0.5015 0.502 0.5025 0.503 0.5035 0.504 0.5045
Time (s)

Figure 9. Zoom-in of Figure 8.
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Similarly, the reactive current tracking is shown in Figure 10, where the current
reference in g-axis (iz.r) is stepping from —0.25 kA to 0.25 kA at t = 0.5 s while the current
reference in d-axis (ig.f) is kept at 0.75 kA. Figure 10 demonstrates the resulting step
response. Although all of the controllers can track the reference well, PI controller and
conventional SMC require a longer time to settle, as evident from Figure 11. Moreover,
ripple current are observed for the PI controller while the conventional SMC and the
proposed method exhibit freedom of current distortion. Table 3 lists the rise time (t;),
settling time (f;) of the output current, and steady-state errors for iy and i;, which are
igsse and ig sse, respectively. As the tables indicates, the proposed method yields the best
performance.

Table 3. Comparative table of Case 1.

Active current

tracking br ts ld,sse
Proposed 1.75 (ms) 2.35 (s) 0 (mA)
SMC 2.14 (s) 2.63 (s) 0 (mA)
PI control 3.16 (s) 2.52 (s) 11 (mA)
Reactive current ¢ ¢ ;
tracking r s q,sse
Proposed 0.00030 (s) 0.00085 (s) 0 (mA)
SMC 0.00033 (s) 0.00113 (s) 0 (mA)
PI control 0.00698 (s) 0.02513 (s) 20 (mA)

: : : : : : 1
‘— Reference —PI —— SMC —Proposed Method‘

051 J

!w/f"\..wm

i (kA)

048 049 0.5 0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.58
Time (s)

Figure 10. The trajectory of i; subjected to reactive current change.

‘— Reference — Pl — SMC —Proposed Method‘

0.5 0.5002 0.5004 0.5006 0.5008 0.501
Time (s)

Figure 11. zoom-in of Figure 10.
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Output current (kA)

Output current (kA)

Circulating current (kA)

3.1.2. Case 2 Current Regulations under Short Circuit Conditions

In this case, the single-phase ground fault in phase-a occurs at t = 0.5 s, and fault
resistance, R fr is selected to be 1 (2, while the reference current in d-axis is kept at 1 kA. As
shown in Figure 12, the conventional SMC and the proposed method can track the reference
with slight overshoot under the fault, while PI controller suffers severe oscillations before
reaching steady state. The circulating currents are only slightly disturbed for the SMC and
proposed method, whereas that of the PI control is affected more noticeably at ¢t = 0.5s.

0.2
0.15 .15
011 g
005 | €
0 iy 1l i l I f '| | l l ALl i ! | ‘Illll””l”l“ i 3
T TR r’ ,'H ll”""’ !l o
-0.05 5.
£
0.1 ©
015
I I I I I !
0.45 0.5 0.55 0.6 0.65 0.4 0.45 0.5 0.55 0.6 0.65 0.7
Time (s) Time (s)
(@) (b)
0.2 1.8 T

[N}

RN |1
b1 et

Output current

0.4 I I I I I
0.4 0.45 0.5 0.55 0.6 0.65 0.7
Time (s)

(d)

‘ ‘ ‘ ‘ —id —idref|

Output current (kA)

I
0.45

I
0.5

I I I I I I I I
0.55 0.6 0.65 0.7 0.45 0.5 0.55 0.6 0.65

Time (s) Time (s)
(e) (f)

Figure 12. Circulating currents in d-axis: (a) PI control, (b) SMC, (c) proposed method; the output
current in d-axis: (d) PI control, (e) SMC, (f) proposed method.

3.1.3. Case 3 Investigation of the Interaction between Output and Circulating Currents
Control

This case investigates the coupling effect between the circulating current control and
various output current controls. The transient output currents of various control methods,
caused by turning on the circulating current control at 0.3 s, are compared.

As can be seen in Figure 13, when the circulating current is turned on, the coupling
effect between output current (i;) and the circulating current (i.;,4) are minimum among
all three methods. For instance, the maximum undershoot deviation from the steady state
value (AM,) for i,z of the proposed method is —1.31 kA, while those of PI and SMC are
—3.94 kA and —1.32 kA, respectively. The maximum undershoot deviation from the steady
state value for i; of the proposed method is —0.59 kA, whereas those of PI and SMC are
—1.69 kA and —1.61 kA, respectively. Moreover, the maximum overshoot deviation from
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the steady-state value (AM,) for the PI control is 0.51 kA; the other controls do not have
overshoots. Table 4 lists the rise time (¢ ), settling time (t.; s), and steady-state errors
(icird sse) for the circulating current, and the ripple of upper (Vcap,up) and lower capacitor
voltage (Viap,i0w)- Generally, the proposed method performs the best among the three
methods.

Table 4. Comparative table of Case 3.

tcir,r tcir,s icird,sse chp,up chp,law AM, AM,
Proposed  0.080 (s) 0.11 (s) 40 (mA) 821 (V) 817 (V) ?1?:)9 0 (kA)
SMC  0089(s) 012(s) 41(mA)  856(V) 863 (V) ?kl[f)l 0 (KA)
PI 0142(s)  019(s) 62(mA)  80(V)  808vV) % 051 kA
control (kA)
‘WWMWW‘ ‘
-0 .05
s =]
g—z F g—o.s F
-%.2 0.‘25 0.‘3 O.‘35 O.‘4 O.l“5 0‘.5 0.55 -1'%.2 0.‘25 013 0.‘35 0‘.4 0.L15 0.‘5 0.55
Time (s) Time (s)
(a) (b)
" i —arer
1 ~ 15F b
f;i 05 g 1 l H
é 0 % 0.5
% -0.51 ‘§ or
5 (o]
b 05F
1.50.2 0.‘25 0.3 0.\135 O.‘4 0.115 0‘.5 0.55 O.‘S O.‘35 014 0.115 0‘.5 0.55
Time (s) Time (s)
(c) (d)
—id —idref]
1 T 1 vl
g v 5 v V
IQE: 05f %’ 05k
I 3
-0.51 -0.5F
0‘.3 0.55 O.‘4 0,l$5 0‘.5 0‘.3 O.‘35 O.‘4 0.115 0‘.5
Time (s) Time (s)
(e) (f)

Figure 13. Circulating currents in d-axis: (a) PI control, (b) SMC, (c) proposed method; the output
current in d-axis: (d) PI control, (e) SMC, (f) proposed method.

3.2. Experimental Results

In the HIL setup, the power system, i.e., MMC, filter, and grid are realized in RTDS,
while the proposed method is implemented in NI PXIe-8821. Due to the limited rack
available in our RTDS, the output level for the MMC is selected to be three in the HIL
simulation. The controller sends the gating signals to digital input of the RTDS via a
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giga-transceiver digital input (GTDI) card. The current and voltage measurements from
the RTDS are sent out via a giga-transceiver analogue output (GTAO) card to the controller
through an analog-to-digital converter (ADC) of PXI-7854R. The block diagram and the
setup photo of the experimental setup are depicted in Figures 14 and 15.
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Figure 15. The experimental test bench.

Furthermore, to verify the robustness of the proposed method, an additional test is
demonstrated, i.e., grid frequency variations [34].

3.2.1. Case 1 Active and Reactive Currents Tracking

In this case, the scenario is similar to Section 3.1.1. The offline simulation and HIL
simulation results are presented in Figures 16 and 17. These figures validate the strong
agreement between offline simulation and HIL simulation.
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Figure 16. Experimental results of i; using the proposed method subjected to active current change.
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Figure 17. Experimental results of i, using the proposed method subjected to reactive current change.

3.2.2. Case 2 Active Current Tracking under Weak Grid

The experimental setup for this case is similar to Section 3.1.2. The comparison of
offline simulation and HIL simulation results are depicted in Figure 18. As can be seen, the
slight difference occurs on the settling time due to the control delay of the actual controller
in an HIL setup. However, the steady-state behavior of both offline simulation and HIL
simulation are similar.
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Figure 18. Experimental results of i; using the proposed method subjected to active current change
under weak grid conditions.

3.2.3. Case 3 Currents Regulation under Grid Frequency Change

The grid frequency is reduced from 60 Hz to 59.7 Hz at t = 1.09 s. Current references,
igref and ig.f, are kept to be constant, i.e., 1 kA and 0 kA, respectively. As can be clearly
seen in Figures 19 and 20, iy and i, can be still well regulated by the proposed method,
even under the presence of grid frequency fluctuation. This justifies the robustness of the
proposed method under grid frequency variations.
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Figure 19. Experimental results of proposed method subjected to grid frequency change: () i;.
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Figure 20. Experimental results of proposed method subjected to grid frequency change: () i;.

4. Conclusions

In this paper, an integral-based sliding surface of SMC is proposed for current control
of MMC. The proposed method exhibits the superior performance among other existing
methods in various conditions. All offline simulation tests clarify the capability of the
proposed method compared to the PI controller and conventional SMC for producing fast
transient responses, zero overshoot, and robustness to the weak grid and short-circuit
conditions. Furthermore, HIL also verifies that the proposed method provides more stable
and robust performance, exhibiting great agreement with offline simulation. Thus, the
proposed method proves to be highly practical and functional.
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Nomenclature

Acronym Meaning

j=abc three phases (abc)

iyj, iy upper and lower arm currents
Ucujs Uelj upper and lower arm voltages
Tarm arm resistor

Larm arm inductor

R line resistor

L line inductor

ic,vr]v circulating current

of output line current

0y output line voltage

ig,ig output current in dg-axis

Vid, Viq output voltage in dg-axis

Mape modulating signals in dq-axis

Req equivalent resistor
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Leg equivalent inductor

abc/dq quantity in three phase (abc) and dq, respectively
Ky, K; proportional and integral constants, respectively
sgn signum function

Sq =1q —igre  error of id
Sq = lg — lgef ~ €rror of iq

7 switching gain
A sliding surface gain
Sn integral sliding surface
Visme,n discontinuous control signals
w angular frequency of grid voltage
ty rise time for the output current tracking
ts settling time for the output current tracking
id sse steady-state error for i;
ig,sse steady-state error for iy
teiry rise time for circulating current tracking
ts settling time for the circulating current tracking
Lcird sse steady-state error for 7. 4
cirg,sse steady-state error for ic;,
Veap,up ripple of upper arm capacitor voltage
Vmp/low ripple of lower arm capacitor voltage
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