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Abstract: The complexity of the internal dynamics of a modular multi-level converter (MMC) has
raised severe issues for designing corresponding controllers. The existing MMC cascaded control
strategies, based on classical linear control theory, require a relatively complex structure to achieve
control objectives and the parameter tuning processes during the corresponding controller design
are normally difficult to solve for the highly non-linear systems with highly coupled states in MMC.
On account of this, advanced controllers are required for the regulation tasks of MMC. Passivity
is introduced into the MMC control system by the passive control (PC) proposed in this paper.
PC can provide an extra damping effect to help save energy through utilizing passivity in the
system. A controllable de-coupled form is achieved by passivation of the output calculation. Hence,
well-tuned controllers can be designed and employed to effectively regulate the output current and
inner differential currents of the MMC under system operating point variation. Simulation results
yield numerical data that show significantly improved steady-state and transient-state performances
with greatly reduced control costs.

Keywords: modular multi-level converter; passivation; passive control

1. Introduction

The modular multi-level converter (MMC) has been regarded as the most prominent converter
topology for voltage source converter-based high voltage direct current (VSC-HVDC) systems, due
to its high efficiency, modular design, scalability (in terms of voltage and power), low distortion of
the output voltage, and minimized filter design [1,2]. As a result of the widespread application of
VSC in renewable energy generation [3], especially in permanent magnet synchronous generator
(PMSG)-based [4] and double fed induction generator (DFIG)-based [5] wind farms and energy
storage systems [6], MMC has become one of the most essential power-electronics devices in modern
power systems. The overall MMC control system has expanded the MMC design complexity from
its topological configuration in power electronics. Consequently, the design of corresponding
MMC control systems has drawn considerate research interest recently [7,8]. A number of control
strategies [9,10] based on classical linear control theory have been applied to MMC systems, such as
proportional-integral (PI) and proportional-resonant (PR) controllers. However, more advanced
control strategies are required, due to the highly non-linear dynamics of MMC, with a wide range
of operational points and strong coupling among states [11,12]. In addition, the design process of
multi-resonant and repetitive linear controllers, especially the parameter tuning process, is too difficult
to conduct manually [7,13].
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Recently, researchers have presented various model predictive control (MPC)-based control
methods, utilizing both direct and indirect model-based predictive control [14-16]. However,
the high-level model complexity of MMC and the corresponding number of sub-modules (SMs) results
in a greatly increased computational burden for MMC digital controllers. Hence, the implementation
of MPC-based methods in real time is hindered by their substantial calculation requirements, especially
in MMC applications with a large number of voltage levels. Global control consistency can be provided
by feedback linearization based control strategy utilizing full non-linearity compensation, which has
been shown to be suitable for acquiring both excellent control performance and system stability in
MMC systems [7].

The non-linear feedback designs mentioned can not consider the characteristics of investigated
systems which have inherent physical properties and corresponding energy-dissipative natures. From
a practical point of view, a energy-based non-linear control law is required to fully utilize these intrinsic
physical features of complex system characteristics for stabilization and command tracking [17,18].
Passive control (PC), also called Passivity-based control (PBC), theory provides a useful method
for systematically analyzing the fundamental physical features in engineering problems. A general
dynamical system is regarded as an energy transmission system, where the controller is treated as
another energy interconnection system, which reshapes the overall energy of the target system. Hence,
a desirable closed-loop system behaviour can be achieved. Linear input-output behavior of the
MMC internal dynamics can also be achieved by performing a passivation, while order reduction
of the internal dynamics can be realized, in contrast to regarding currents or capacitor voltages as
outputs [19]. Therefore, PC introduces robustness to ‘energy-preserving’ (i.e., passive) unmodeled
effects and enhanced system damping performance, as compared with existing model-based non-linear
controllers [17].

This paper proposed a PC-based controller, which has already been successfully
implemented in various industrial applications, such as induction motors [20], robot arms [17],
and low-voltage/medium-voltage DC-DC converters [21,22]. The proposed PC, compared to the other
existing control theories, offers a satisfactory dynamic response and steady-state performance, since it
can provide globally consistent control performance with extra damping effects through passivation.
Satisfactory dynamic response is an essential requirement for the flexible application of MMC-based
VSC-HVDC systems, such as renewable energy source integration. Satisfactory dynamic response
is also required to provide the guaranteed stable operation of MMC-based VSC-HVDC systems in
power systems under different conditions, especially under fault conditions. Simulation studies in the
Simulink software environment are implemented to verify the performance and effectiveness of the
proposed PC control strategy in an MMC-based VSC-HVDC system.

The rest of the paper is organized as follows. In Section 2, the MMC state functional model and
corresponding MMC configuration are presented. In Section 3, the proposed PC strategy is developed
and analyzed. Simulation results are provided in Section 4. Finally, conclusions are drawn in Section 5.

2. State Functional Model of the MMC

In this paper, the proposed passive current control strategy is applied and demonstrated in
a typical MMC system, shown in Figure 1.

An MMC consists of N SMs per arm and may contain M redundant SMs per arm. The SMs are
connected in series, in each arm. In practical applications, normally 10% redundant SMs are used for
reliability improvement [23]; however, in this chapter, M = 0. An arm inductor Lamm is installed in
each arm to limit the arm currents in events such as a DC short circuit. Each arm is equipped with
an equivalent resistor Ramm to represent the losses of the circuit elements in each arm, such as the
power semiconductors, with equivalent series resistance in Cgyy and Larm.
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Figure 1. (a) Three-phase modular multi-level converter (MMC) topology; (b) Half-bridge circuit for
the ith SM.

Assuming the SM capacitor voltages are balanced in each system arm, the voltages of the upper
(uy) and lower (u1) arms can be expressed as follows:

17 *
iy = Nitcu[ 5 — g

= M
= Nuci[ 77 — ujg]
The current through the upper and lower arms can be expressed, respectively, as follows:
. io
lu = ldiff T 3 @)

. ;
I = 14iff — 5

where 1, and uc] denote the average capacitor voltage in the upper arm and lower arms, respectively;
ug denotes the normalized output voltage reference signal; u}; denotes the normalized differential
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voltage reference signal; i, denotes the output current of the MMC; iy denotes the inner differential
current; and the output voltage u, of the MMC is expressed as:

dio

dt’ ©)

Uo = Ujoad + Lo

where 1,,; and L, are the equivalent voltage source of the load and the equivalent inductor connected
to the the middle points of the two arms of the MMC, respectively. The DC voltage can be expressed

as follows: i
. i
Upc = 2uy + 2Rarmiu + 2Larmd7;l — 2u,
, 4
. di
= 2uy + 2Rarmi] + 2Larmd—; + 2u,.
Substituting (2) and (3) into (4), following equations can be obtained.
diy _ —Rarmio—tu~+u;—2Upag
dar T Larm+2Lo (5)
digig _ —2Rarmigigg—#u—t+Upc
dt 2L arm :

According the equations mentioned above, i, and ig;¢ can be controlled by adjusting ug and 1.
The current which flows through each arm will charge and discharge the corresponding SM capacitors,
and the following relationships can be derived:

(6)

ducy i _ i 1—us* %
= oy = o (F — Ugi)
dllcl _ il m = il (1+u0*

dt -

*
M T T2 — Whige)s

where the n, and nj represent the number of SMs inserted in upper and lower arms, respectively,
which are the actual control inputs for the MMC [7]. Hence, the state functions of the MMC system
can be obtained, where the state variables are chosen as x = [i, igif Ucy and ucl]T. The inputs of
the system are chosen as u = [u} u}j;;|’ and the outputs of the system are chosen as y = [io igif) -
The state functions of the MMC system can be expressed as follows:

X = f(x) + go(x)us + gair (x) Uyt 7)
y=h(x),

where

T
_ —2u U
fo) = [ it A 0 o]

B —Rarm 0 —N N
Larm+2Lo 2Larml‘\’]'4Lo ZLarmI—\ij-4Lo
arm — -
4 Y Tm T Tom
4Com 2Csm 0 0
- i 0 0 (8)
L 4Csy 2Csm
io
i
> diff
UCu
| Ual
, . . . T
(x) = N(ucytug) N(ucu—uc) —2igigr—io  2igisr—io )
gO 2Larm+4Lo 4Larm 4CSM 4CSM
. . , . T
) _ | N(ucu—uc) N(ucutuc) =2igig—io  —2igit+io
gdlff(x) o |: Larm—+2Lo 4Larm 2CISI\/I 2CISI\/I (10)

RIS ay
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3. PC Design for the MMC

3.1. Passive Control with Energy-Reshaping

Consider a normal system as follows

{ J.c:f(x,u)—l—Bu—i-@(t) , (12)
y = h(x,u)

where the output is x € R™ and control input is d € R™, such that considered system (12) is of vector
relative degree of one, f(x,u) € R™ is considered as being non-linear and consists of the structure with
parameter uncertainties, {(t) € R™ is the time-varying external disturbance, and #(x,y) is a known
smooth function of dimension (n — m) x m. The unknown control gain B € R™*™ is written as

bu(xy) - bim(xy)
B= : : : ‘ (13)
bui(x,y) -+ bum(x,y)
The energy balance equations of the system can be considered as
T T
Ha(T) ~ He0) 4 [ falw)at = [ fi()a, (14
~—_—

stored energy dissipated supplied

where Hy (t) is the stored energy function and f4(x) and f;(x) are non-negative functions that represent
the energy dissipation (such as circuit resistances). The system is defined to have output strictly passive
if there exists a continuously differentiable positive semi-definite function Hy(T), called the storage
function, such that

uly > dd% +&yly, V(x,u) € R" x R™, (15)

where ¢ > 0. The following lemma is required for achieving asymptotic stability . It is assumed that the
zero-state of system (12) is detectable and its minimum-phase is locally weak. Hence, the uncontrolled
system has an asymptotically stable origin and a positive definite storage function [24]. In addition,
the origin of the system will be globally asymptotic stable if the system has a radially unbounded
storage function [25].

As illustrated in Figure 2, the controller ¢ is regarded as a one-port system which is coupled
with the plant > p, which needs to be controlled by a two-port interconnection subsystem ;. Hence, in
terms of passivity, interconnection of the controller and plant is obvious, as illustrated below. Further
detailed considerations of PC can be found in the literature [24,25] .

__________________________ -
' |
| Y 2, |
[ + ¥
| P Uc Y| u >p |
- = |
' |
L - _____ i

Figure 2. Interconnection of controller and plant in terms of passivity.
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3.2. Proposed Passive Current Control in MMC

To introduce passivity into the MMC control, calculating the passive output y is necessary
(considering the passivity theory):

y = [ x*Tgo(x)T ‘|fH(x) ) (16)

T gaige (x)T

where x* are the corresponding reference signals of x and fz;(x) is derived from f(x), which removes
the effects of dissipation and supplies and is expressed as

2Larm 0 0 0 iO
0 fmilig O 0 Ldiff
- | ox . 17
fru(x) 0 0 ZCZSM 0 ey (17)
0 0 0 uc)

The proposed current controller for system using passivation is designed as

u=u*—Kyy—Kpz (18)
y=z ’
where
* *
p=| Mo Jut = n$+nL , (19)
Udiff ny —m

where K; and K; are the feedback control gains, which place the poles of the closed-loop system
in the left-half plane (LHP) and are tuned for system global stability for all operation points. nj;, =

YDC _px YDC | oy
w, ny = % where ¢} is the internal Electromotive Force (EMF) voltage of the MMC.
Cu Cl
The whole proposed MMC current control system is illustrated in Figure 3.

" iU
Laiff|
UCu
Ua
YV V ‘
Passivation _ .
outout > Control P Modulation
P . N loop for ° signal generation PS - WRi(e
calculation > | (Expressed
. current for each MY Gating [ENc e
(Expressed in > . - Signals €c
. »| regulation 1 sub-module
Section 3.2) Y2 Ugify

Pre

R L . .
ig gt ulu U M ni
| Insertion
indexes
calculation

Figure 3. Block diagram of the proposed control system for the MMC system.

As, in the whole MMC operation range, ucy < ) < upc/N, where < is the asymptotic symbol,
the feedback passivation law transforms the non-linear system into a linear one with a decoupled
relation. We choose the new system outputas Y = [Y1, Yo]T = [io — if, iqigr — i) Let V = [V4, Vo] =
[~A1Y1, —A2Y5]T, where A1 and A, are some positive constants for the feedback passivation to inject
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an extra damping i, and igi. According to the relations mentioned in the last section, the storage
function H(x) can be constructed by:

1 1

2 2
Differentiating H(x) with respect to time, we get
H(x) = Y1 %Y1+ Yo Yo = (io — i) * (o — 15) + (iaisr — igee) * (latitr — L5ie)- (21)

According to a typical linear PR controller design adopted in MMC system shown below,

: 2KR1Wcs . .
= (Kpj + ———"+ —i*
io = (Kpy 2+ 20, %)(10 i)

. K'l ’ (22)

laie = (Kp2 + Tl) (iaife — 15i¢¢)
where Kp; and Kg; are the proportional and resonant gains, respectively; w. and w, are the resonant
cut-off frequency and the fundamental angular frequency, respectively; and Kp, and Kj; are the
proportional and integral gains, respectively. Therefore, the linear PR controller can efficiently regulate
the output current and the linear PI controller can efficiently regulate the differential current.

Upc .  2Ramio + N(ucy — tic1) + 4th10ad

fo = Larm + 2Lo o s 2Larm + 4L0 (23)
: Upc ,  4Rammigisf + N(ucu + uc1) — 2Upc '
1diff = o

Larm 4Larm

Therefore, the storage function can be derived as:

: Upc > Ubc,» Upc 2 Upc \y2
H@) =M%V = T ™ L 2~ - M )Y e Y <O
(24)
It is obvious that the zero-state of the uncontrolled system is detectable. The MMC system is
regarded as strictly passive from output Y to input V [18]. As the upper-level output power commands
provide instruction to the reference output current i, the inner differential current reference i, is
achieved through the SM capacitor voltage control and the balancing active power process. From the
relationship mentioned previously, one can conclude that u, and uq;¢ are asymptotically stabilized to
their expected signals.
The canonical form of a typical closed-loop system is represented in the following Figure 4:

R(s) + @ E(s) C(s)
4

Figure 4. Block diagram of the closed-loop system transfer function.

A closed-loop system in control theory is regarded as a feedback control system. It provides one
typical control system concept which, on the basis of an open-loop system, a forward path is used.
However, it has one or more feedback loops for connecting its output and its input.

Closed-loop systems are utilized to obtain the required output signal R(s) by comparison with the
actual plant signal C(s). An error signal E(s) is generated to express the difference between the output
and the desired signal. In other words, a “closed-loop system” is a fully self-excited control system.
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The transfer function is calculated as follows: ¢(s) = (G.Gp)/ (1 + G:Gy). In order to study the
feedback passivation gains A1 and A, in the MMC system and analyze the corresponding performance,
the closed-loop system can be given as follows:

Vi+ (M + o225 )Y; =0 5)
Yo+ (A2 + 2X)Y, =0

According to the closed-loop system of the MMC, the poles can be derived and are located at
—(AM+ %‘fﬂo) and -(Ap + %) Faster error convergence can be achieved by using larger A1 and
Ap. The transfer function of the closed-loop system can be written as follows:

1
Dq(s) = I Upc 1

( ) )\1 /\ll(Larm+2Lo) (26)

Dy(s) = ————

u
)\iz + )\le(lfm + 1
Hence, the bandwidth of proposed controller can be given as follows:
. U U2

01| = 35 = o = /43— 2 — e o

. U2
@ajwna)] = By = iz = 123 - g, Uhe
With the system parameters mentioned in Table 1, the proposed PC controller bandwidth can be
obtained as wy; = 337.4 rad/s and wy; = 295.4 rad/s . The Bode plots are given in the Figure 5, where
the crossover frequency of the control loop is 8.397 kHz with a phase margin of 47.65°.

Bode Diagram

= w
e S

Magnitude (dB)
o

Phase (deg)

,]35 = L L 1 L
1072 10° 102 104 108
Frequency (rad/s)

Figure 5. Block diagram of the proposed control system for the MMC system.
3.3. Internal Dynamics Stability

Under the proposed PC, the relative degree of MMC system (i, and 14 ff)isr =2, which is less
than the dimension of total system (n = 4). There is an obvious n — r dimensional subsystem containing
two internal dynamics (¢, and u¢;), which can been seen in Figure 3, that are not observable from the
outputs. These unobservable leftover dynamics may cause overall system instability. Thus, analytical
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verification of the internal dynamics stability is required. The two internal dynamics (u¢, and u¢;) can
be expressed as in Equation (6) and as follows:

duc _ . . (Larml:o“l’Rarmiozuo+2Larm1:djff+2Rarmidiff*UDC)

dtu - (Zldiff + 10) ] 4NCoMmiucy (28)
ducy _ %4 . ) (Larmio JFRarmiozuo*2Larmiuﬁfj*2Rarmidiff+uDC)

ar ( Ldiff — To 4NCgMmucy

As the system output tracking errors are expected to identically approach zero, the behaviour of
system is governed by the aforementioned differential equation, and the two internal dynamics (uc,
and u;) are called the zero dynamics. Meanwhile, u,, i, and igi can be expressed as:

Uy = Uy sin(wet)
io = Io sin(wot + @o) , (29)
igigt = lairpc + laigtvd Sin(wot)

where U, and I, are the amplitudes of #, and i,, respectively; w, is the fundamental angular frequency;
and @, is the phase displacement between u, and i,. The voltage ripples on the SM capacitors are
neglected in this analysis. Then, Igigpc and g in the expression of iy can be expressed as follows;

Lo 2Upc — N(ucu +uc)
diffDC 4Rarm , (30)
Lgitrva = K(ucy — ucr)

where Iyipc is the DC component in ig;, which balances the input and output power of the MMC,
and lgigrvq is the output of the differential voltage controller, which eliminates the voltage difference
between the upper and lower arms. A simple proportional controller with gain K is assumed for the
differential voltage control. Therefore, the DC components in the zero dynamics refer to the shifting of
SM capacitor voltages, and the AC terms can be taken as ripples on the SM capacitor voltage. The DC
terms can be expressed as follows, and are taken into consideration while analyzing the stability of the
system zero dynamics.

ducy _ 2Nlgiip (tcu + tcr) — 4laitvd[Rarm o €08(¢o) + Uo + Rarm Laifiva] — Rarm 13 — 2UoLo cos(¢o)

dt DC_terms 8NCsmtcu (31)
ducy _ 2Nlgisipc (e + ticr) + 4laisiva [Rarm Lo €08(@o) + Uo — Rarm laiftva] — Rarm 1§ — 2Uolo cos(¢o)

df DC_terms — 8NCsmucy

There are two situations that need to be taken in consideration for the MMC zero dynamics
stability analysis. First, uc] # ucy, the phase trajectories of the zero dynamics, which are illustrated in
Figure 6. It can be seen that, if ¢, and uc) are not equal, they will be forced to move toward each other
and converge to a new balanced point (where uc, = (), with the help of the differential voltage
controller. In Figure 6, it is also revealed that uc, = 1| can be guaranteed at various operation points.

The phase trajectory diagram of the zero dynamics when SM capacitor voltage uc is equal to
both ucy and uc) is depicted in Figure 7. It is shown that there are two equilibrium points. However,
the smaller equilibrium point is unstable, whereas the larger equilibrium point is stable. This implies
that, while applying the control law to the MMC system (1)-(3), the SM capacitor voltage of MMC
system must come close to Upc /N [26].
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Figure 6. Phase trajectory of the zero dynamics when uc, is not equal to ucy.

du,
dt

-30 120 150

u (V)

Figure 7. Phase trajectory of the zero dynamics when uc, and uc; are the same and equal to SM
capacitor voltage uc.

4. Case Studies

The proposed PC was applied to the MMC mentioned in the previous section. The control
performance of the proposed PC strategy was evaluated under steady-state and external transient
variation conditions and then compared to that of the conventional control and Feedback linearization
control (FLC) used in [7]. The system parameters used in the simulation are listed in Table 1. Firstly,
the MMC overall performance was evaluated under a step change of grid voltage at 0.096 s. As shown
in the converter output three-phase voltage and current curves in Figures 8-10, it can be seen that the
proposed PC strategy, FLC, and conventional linear control strategies coudl all handle the transient
step change of 0.1 per unit (p.u.) on the grid-side voltage. As also illustrated in Figures 8-10, the MMC
system operated well under the different control strategies and skipped to the new equilibrium
point with an acceptable convergence speed. The difference of control performance among the three
strategies was not very obvious and, so, required further analysis. For further investigation, enlarged
MMC single-phase inner-output current and differential current curves were compared and evaluated
among three control strategies in the following part.
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Table 1. System parameters used in the MMC system.

Parameters Symbols  Values
Rated AC-bus frequency f 50 Hz
DC-bus voltage Upc,,.. 110V
DC-bus capacitance Cpc 4 mF
Output inductance Lo 0.7 mH
Number of sub-module (SM) in each arm N 3
Arm inductance Larm 5 mH
Arm resistance Rarm 0.03 O)
SM capacitance Csm 900 uF
15 ‘
——Phase A
1o} " ek

[
I

o
T

&
:

KN
o
‘

Grid side three-phase current lgrid (A)

KN
(4,1

002 004 006 008 01 012 014 016 018 02

o

Time (sec)
150 T
——Phase A
——Phase B
100 1 fPhasec'\

8

8

g

002 004 006 008 01 012 014 016 018 02
Time (sec)

Grid side three-phase voltage Vgri d V)
o

g
o

\
)

A

=
ol

con

——Phase A
——Phase B
fPhaseC,i

[
o
T

al

o
T

&
:

KN
o
‘

N
o

002 004 006 008 01 012 014 016 018 02
Time (sec)

o

g

8

3

o

g

8

g

002 004 006 008 01 012 014 016 018 02
Time (sec)

Converter output three-phase voltage Veon V' Converter output three-phase current |
o

Figure 8. Three-phase voltage and current waveforms on the MMC converter-side and grid-side with
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For the MMC inner steady-state performance analysis, the MMC output current, output voltage,
and both upper/lower arm current waveforms were investigated. The amplitude of the output current
was maintained in the steady-state performance. The steady-state performance of the MMC regulated
by the proposed PC is illustrated in Figure 11, which shows that the output currents were regulated
effectively by applying the proposed PC strategy. The MMC also operated stably with the proposed
PC strategy. It is noted that there was a nearly 90° phase difference between the MMC output voltage
and current. This is because the MMC system worked as an inverter and operated in a capacitive
mode for the MMC inner steady-state performance analysis. In other words, the MMC was injecting
reactive power to the equivalent main power grid [27] during this case study.
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Figure 11. Voltage and current waveforms of the MMC regulated under steady-state conditions.

As can be seen in Figure 12, the capacitor voltage was also well stabilized by the proposed PC
strategy.
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Figure 12. The average capacitor voltages in the upper and lower arm voltage waveforms of the MMC
regulated under steady-state conditions.
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For comparison, the tracking errors of the output current signals of the MMC under the
conventional linear control strategy, the FLC proposed in [7], and the proposed PC are shown in
Figure 13. It is obvious that the FLC and PC were able to achieve almost the same excellent output
current tracking accuracy (with peak-to-peak tracking error of less than 0.07 A) than that of the
conventional control strategy, due to consideration of non-linearity. The high-frequency chatting
error was easily introduced in the conventional control due to the high sampling frequency of the
generated reference signals. The high-frequency chatting error seems to have caused a small impact on
the overall system. However, it still had an accumulative influence on the MMC switching process,
in the long-term. Therefore, by adopting a control strategy such as the proposed PC, the MMC
high-frequency switching stress could be effectively relieved, potentially extending the life-cycle of
the power electronics. For evaluating the dynamic response performance of the MMC, the amplitude
of the reference current signal was raised by 10% at 0.065s. The waveforms of the output current, as
regulated by different control strategies, are displayed in Figure 14. It can be seen that the dynamic
responses obtained using the different control strategies were almost similar.
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Figure 13. Tracking error waveform of the output current obtained from the conventional control
strategy, FLC, and proposed PC.
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Figure 14. Output current waveform obtained by applying the conventional control strategy, FLC,
and proposed PC, when reference signal was raised at 0.065s.

For further evaluation of the control performance of the different control strategies with numerical
data, the absolute error index (IAE) was introduced. Here, IAE, = fOT |x — x*|dt, where x* is the
reference value of the variable x. The simulation time was T = 0.2 s. The results are presented
in Table 2. Note that the proposed PC provided excellent performance, when compared with the
conventional control and FLC methods, especially in suppressing unwanted fluctuations in differential
currents. The IAE value of the proposed PC was only 51.1% of that in the conventional control, and it
was 64.1% of that in the FLC method.

The overall control efforts of the different approaches could also be evaluated by IAE index,
where IAE, = fOT |u|dt. Numerical data is also provided in Tables 2 and 3 and it was verified that the
proposed PC could effectively reduce control efforts, compared with FLC (as proposed in [7]). The
large effort savings (12.1% and 26.9%) compared with FLC resulted from the benefit of extra damping
effects due to passivation in the proposed PC, instead of the full linearization used in FLC.
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Table 2. Absolute error index (IAE)index of different control schemes, evaluating the steady-state performance.

Variable
IAE;, IAE;,, IAE, IAE,,

Conventional control  0.3591 0.0078 0.460 0.3324
FLCin [7] 0.1052  0.006298 0.389 0.161
Proposed PC 0.105 0.004039 0.03152  0.1273

Control Method

Table 3. IAE index of different control schemes, evaluating the dynamic response performance.

Variable
IAE;, IAE;, IAE, IAE,,,

Conventional control  0.4301  0.00971 0.4903 0.3782
FLCin [7] 0.1225 0.006786 0.4132 0.192
Proposed PC 0.1203 0.004842 0.3635 0.1403

Control Method

5. Conclusions

In this paper, a PC-based control strategy has been proposed and applied to an N-level MMC
steady-state model for regulating internal dynamics. MMC is a well-proven technology for VSC-HVDC
applications which has high non-linearity and strong coupling among its states. PC-based current
control strategies provide an alternative for addressing the non-linear problem and decoupling the
states of the system, in comparison with the FLC method proposed in [7]. The use of passivation in the
controller can provide extra damping effects, compared to regulating under full system linearization.
The proposed PC also considers global stability and does not need further tuning when the operating
points vary. Simulation results and the corresponding analysis under steady-state conditions have
verified the effectiveness of the proposed PC. In comparison, conventional control systems introduce
the high-frequency chatting phenomenon and cause huge waste of control efforts, due to incomplete
non-linearity compensation when operating points vary rapidly, especially when applyied to high
sampling-resolution reference signals. FLC still wastes a considerable proportion of control efforts
during the corresponding regulation process utilizing full linearization. The overall control efforts can
be largely reduced by applying the proposed PC in MMC systems.
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