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ARTICLE INFO ABSTRACT

Keywards: This paper presents a coordinated control strategy based on direct Lyapunov theory to handle the consistency of
Mulrl-te:mina]! HVDE AC grids in a multi-terminal (MT) modular multilevel converter (MMC)-HVDC systems during varying both loads
"“"_‘d“]" multilevel converter and DC link voltage. As the first contribution, a set of dynamic equations is proposed based on separating the
;":'“::TL , dynamics of MMCs upper and lower arms state variables. The dynamics consists of only their related upper/

Upper and lawer arms lower arms state variables leading 10 more effective components for the steady state terms of proposed control
State variabic crror and its dynamie technique. To develop the dynamic parts of the controller, the global asymptotical stability of MT MMC-HVDC
Independent capability curves system is assessed by direct Lyapunov method. As another advantage of the separated dynamic equations, the
Lyapunov theary iz able to exploit very simple decoupled components for the dynamic parts of proposed control
functions. Moregver, In order to specify the variation trend of Lyapunov coefficients, further stability analysis
contributes to demonstrating the effects of Lyapunov coefficients an the MMCs state variable errors and its
dynamic. As another main contribution of this paper, two Independent capability curves based on the power
injection capability of the MMCs upper and lower arms, are obtained which will be assessed through changing
the input and output voltages as well as MMC parameters. Finally, simulation results in MATLAB sofiware are
utilized to verify the validity of proposed control strategy.

at providing good performance in high voltage and power applications
with high efficiency including modular structure, easy redundancy of
5Ms, decentralized energy storages, simple fault detection and clearance
[15-20]. MMC which had been introduced by Marquardt and Lesnicar
for the first time in 2003 [21], has been able to ease high voltage
application with high power transfer in motor drive [22], HVDC system
[23], static synchronous compensator [24], offshore DC wind turbine
[25] and so on. Because of less loss and cost compared to AC trans-
mission lines and also due to MMCs features, the importance of DC
power transmission in the frame of MMC-based HVDC systems has
become a priority for researchers to attain a stable operating condition
for HVDC-connected electrical networks [26-28]. To this end, the
challenges regarding the control system design for MMCs has been
developed in these works [29-30]. The normalized DC-link voltage and
the DC-link power variation have been the key factors for controlling the
related active power set-point value of MMC station in Ref [31]. A fast
mesdel-based predictive control (FMPC) with low computational burden
has been designed for grid-connected MMC in [32]. To reduce the

1. Introduction

Power electronics converters (PECs) have always been considered as
the vital materiel for integrating renewable energy resources (RERs] into
power systems and also using RERs in autonomous electrical network
structures [1-4]. Among PECs, Multi-level converters are regarded as
the main alternative for RERs, which have been introduced as a proper
solution to reduce harmonie content of output voltage in high power
applications, to solve the issue of high power transfer, and also to
improve the quality of the voltage with lower stress on the semi-
conductor switches [5-8]. Because of the features, these converters have
been used in many industrial applications such as DC network applica-
tion [9], frequency control [10-111, STATCOM (12], HVDC [13], PV
Panels MPPT [14] and s0 on,

Modular multilevel converters (MMCs) as one of the most effective
multi-level PECs in power system applications, have been highly
investigated in recent years, because MMC has several technical ahilities
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Nomenclatures

Indices

k b

n il

Abbreviations

KVL Kirchhoffs Voltage Law

AC Alternating Current

DC Direct Current

HVDC  High-Voltage Direct-Current
MMC Modular Multilevel Converter
RERs Benewable Energy Resources

V5Cs Voltage-Source Converters

MT MMC-HVDC Multi-Terminal MMC-HVDC
5Ms Sub-Modules

MPPT  Maximum Power Point Tracking

indeeindg™  Currents of MMC's Upper and Lower Arms in dq Reference
Frame and its Reference Values

Vig¥dy" The output voltages of MMC in d-q Reference Frame and its
Reference Values

Vi Output voltages of MMC in a-b-c Reference Frame

Vek Modulaton functions for upper and lower arms 5Ms of

MMCs in abe reference frame
Vadg:¥ndg+ Modulation Funetions in dg Reference Frame and its
Reference Values

W(E) Lyapunov Energy Function

e The Error of State Variables

Yl Terminal Voltage of MMC

VaeVie®  DC-link voltage and its Reference Value
Parameters

LR MMC Resistance and Inductance

LwBn Upper and Lower Arm Inductance and Resistance

Cy = Ca=...=C, 5Ms Capacitor

Variohles i Angular Frequency of MMC Dutput Voltage
[ MMC output Wi'l'lfﬂts N 5Ms Number in Each Arm
b Currents of MMC's Upper and Lower Arms g Lyapunov Coefficients of Dynamic Parts of Modulation
Priag) Power of Upper and Lower Arms Functions
T Current of DC-link of MMCs
computing time, the reference voltage vector among a large number of inquired.

available multilevel voltage vectors in MMC could be found in a single
step [32]. Optimal robust control design [33] and coordinated start-up
control [34] have been performed to force MMC to reach smooth
operation in HVDC system. In addition, the achieved control functions-
based Lyapunov method has been combined with input—output feedback
linearization techmique to regulate the performance of MMC-based
HVDC system under both load variations and fault condition [35].
Multi-Terminal (MT) MMC-based HVDC systems have been a
developed next generation of HVDC-based systems which have several
superiorities such as providing AC power grids with different fre-
quencies, supplying much more distributed loads centers and injecting
more active and reactive power [36-38]. As a power electronics-based
power system, a complete control strategy should be designed for
obtaining a proper MT HVDC system in presence of dynamical changes.
To effectively damp the frequency fluctuations, a model predictive
control with coordination capability has been designed for MT HVDC
system in Ref [39]. In a meshed multi-terminal HVDC, a DC current flow
control strategy has been proposed in Ref [40] to balance the DC branch
currents. The power transmission in the HVDC system has been aimed to
reach its maximum value in Ref [41] by designing a voltage-current
droop controller and keeping all voltages and currents of PECs within
their design boundaries. Through the analysis of DC voltage, power
deviation and droop coefficient, a droop control technique with tunable
parameters has been designed to attain an eptimized coordination
control for a multi-terminal MMC-HVDC system connected to wind
farms [42]. In addition to control design process, dynamical analysis and
modelling challenge of MT HVDC system should be paid attention as
well [43]. Rel. [44] has showed that how the energy management
strategies of the MMCs could impact on the de voltage dynamics. Some
of MT HVDC system can be made by a large dicde rectifier-connected
off-shore wind power plant. Ref. [45] has focused on the detailed
modeling and small-signal stability analysis of such HVDC system. The
detailed dynamic model in [45] has been utilized for evaluating the
system robusmess against parametric uncertainties, communication
delay and power level, in which the integration of the off-shore WPP into
the on-shore electrical power system has also been guaranteed. More-
over, the modelling of HVDC system including hybrid breakers [46] and
dynamic electro-magnetic-thermal modeling [47] have also been

Due to the nonlinearity features of dynamic models of MT MMC-
HVDC systems, many nonlinear control strategies [48-53] can be pro-
posed for accurate control of such systems, In this paper, a coordinated
Lyapunov-based control strategy is designed for a MT MMC-HVDC sys-
tem using a new set of dynamic equations. The proposed controller is
aimed to provide stable frequency and voltage magnitude of AC grids in
presence of both lead and DC-link voltage fluctuations. The contribu-
tions of this manuscript can be explained as the follows, 1) As the first
contribution, a separated dynamic model is proposed for MMCs in MT
MMC-HVDC system. It means that the separated dynamic model consists
of two sets of dynamic equations. The frst set contains only the MMCs
upper arm currents in d-q reference frame. Also, the second set is
constituted from only the MMCs lower arm currents in d-g reference
frame. This separated dynamic model is brought advantages leading to
maore effective components for the steady-state parts of proposed control
technique, In additdon, by using the new dynamic model, the Lyapunow-
based dynamic components are involved with more effective terms to
deal with the transient operating conditdons of MMCs in MT MMC-based
HVDC system, 2) For the first lime, as the second contributions of this
manuscript, two capability curves are proposed based on the power
injection capability within the upper and lower arms of MMCs. These
curves are derived using the separated dynamics of MMCs, The oper-
ating area variations of these curves are assessed under steady state
condition, the increment of the input and output voltages of MMCs, the
increment of MMCs resistance, the increment of MMCs inductance and
also the negative and positive values of dilu/dt. These curves can highly
contribute to accurate performance of coordination abilities of proposed
control strategies, and 3) As the third contribution of this manuscript, a
new method based on evaluating three-dimension curves are presented
in this manuscript to figure out the appropriate trend of Lyapunov co-
efficients changes. To this end, several authentic mathematical relations
between the Lyapunov coefficients and MMCs state variables errors are
obtained. Through the evaluation of the curves which are plotted by the
relations, the appropriate variation trend can be driven for the Lyapunov
coefficients based on minimizing the MMCs state variables errors. The
various sections of the paper are organized as the following. Two fist
sections are included nomenclatures and introduction. Section 2 pre-
sents the description of the considered MT MMC-HVDC system in which
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Fig. 1. The Multi-terminal MMC-based HVDE studied in this paper,

the proposed dynamic equations are presented in this section as well,
Section 3, sub-section A focuses on the dynamic part design of proposed
control strategy. In next sub-section, Lyapunov coefficient effects on
MMC error dynamics are assessed. Two independent capability curves
are presented in Section 4. Simulations results and conclusion are dis-
cussed in Sections 5 and 6, respectively.

2. The multi-terminal MMC-HVDC system description

This paper investigates the MT MMC-HVDC system shown in Fig. 1
(a). According to this figure, two MMCs with both resistance and
inductance in each arm and its output are connected Lo two AC grids.
Two loads are considered in each power grid. In order to assay the dy-
namic performance of the MT MMC-HVDC system, several loads are
linked to the common line between the two AC grids. The DC-link
voltage of this system Is supplied through RERs-based power

converters, It is assumed that the DC-link voltage can be fluctuated
through these converters. The detailed configuration of MMCs is illus-
trated in Fig. 1{b).

2.1, Proposed dynamics model

Two MMCs in Fig. 1(a) will utilize the same structure exhibited in
Fig. 1(b). Thus, the achleved dynamic model in this section will be
employed for both MMCs at the same time. By applying KVL's law from
DC-link to output side of MMCs, the following dynamic models are
driven,

i i, .
¥i LI:* - Ry + L.,F"-R,,:d —%'+'m =0 (1

i, ) di . Ve
—u,,—!.d—:—mt+l'_|d—:+.ﬁ|m ;— Fwg =0 (2)
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As it was mentioned in the Nomenclatures section, “k™ demonstrates
the abbreviation statements of three phases that are “a”, “b” and “c",
respectively. The relationship between the MMCs arms and output
currents can meet,

= fa— i 31

The relation (3) is substituted into (1) and (2) leading to the dynamic
Eqs. (4) and (5], respectively, In these equations, except for v and vy,
the remained state varlables are the currents and voltages of the MMCs
upper and lower arms according to,

i i . ¥,
v,,-rL% L%—Rm Ri + 1, d rﬂ,lﬁ—§+lr,*=|] (4
vt L T R Riy LR R+ e = 0 (5)

By summing up (4) and (5] and after some mathematical simplifi-
cations, the following dynamic equations are obtained,

di..}

(2L + L, ] (2R + R )i +va+w =0 (6]

p
(2L 4 L;]%l—{lk+ﬂ,]f&+u“—u*=ﬂ @

The proposed dynamic equations can be achieved according to (6]
and (7). The extended terms of (6) and (7] are given in Annex A. Except
for v, it can be realized that the equations (6) and (7) consists of only
upper and lower state varlables, respectively. These feature will
contribute to more effective components for steady-state and dynamic
parts of proposed contrel technique. To further dynamical analysis, the
MMCs arms currents which pass through the SMs capacitors will be
taken into account as well. Fig. 1(b) is used to write the relations be-
tween the modulation functions and arms currents as the follows,

Cdvy i
W o 9)

In this paper, it is aimed to execute the control design process in d-q
reference frame. For this reason, the park transformation matrix in
annex B can be used. The proposed dynamic model in dq reference frame
will be obtained by applying the inversed matrix (10) to (6)-(9],

I
cos(d)  cos (H‘ - %) cos (5‘ + ﬁ‘)
nd B -
Ty 7 | sinl8)  sin (ﬂ' - ¥) sin ({J | i,f) X, (10}
I ' Iy

! " 1

2 - 2

where # = wt. The angular frequency o is calculated based on
substituting the desired value of frequency into @ leading to @ = 25/ As
a consequence, the matrix representation-based dynamic model of the
multi-terminal MMC-based HVDC system can meet,

(2R + R,
alm]=] ] -mrm ]
di [ing | C(2R+R,) [215 L) | Ve
17}
{2+ Ly)
1 Vo
:F{—ZL+L..] [v*.] {11}
d [ vy 0 aw|[va] N[iw
7199 I B [ e R P 02

As it was already mentioned in Nomenclature, the indices “n” has
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pointed out the abbreviation of upper and lower terms that are “u” and
“I", respectively. In addition, in (11), the sign of “~" and “4" are belong
to the state varlables regarding the upper and lower arms of MMCs,
respectively.

2.2, Sready-state parts with error-based dynamic model of propased
control technigue

The proposed control strategy will possess two steady-state and dy-
namic parts. The dynamic parts will be involved with the errors of all
state variables of MT MMC-HVDC system presented in (13),

gl = Iy = r';a.
Eing = lng r':u
. -

=l L
ey = iy = iy,
. (13
Eod = Vg = Vg
Erag = Vigg qu'
Eg = Vag — Vi

Euly = Vig — ¥V

In addition, the errors of d and q components of modulation fune-
tons and MMCs output voltages are defined as eudgg) = Vudig)r¥ *udigh Sdd
i) = Videq)¥ “udgg AN Eyuigg) = VairgrV “dgqy. The dynamic parts of proposed
control technique will be analyzed in Section 3. But, the steady-state
components of proposed control strategy can be archived when all
defined errors are equalized to zero. In this condition, by substituting the
reference values of MMCs state variables into (11), the steady-state parts
of proposed modulation functions can meet,

V= = {24 L.]%'.f—iZR+R..,'HT.,--+-m{2L+.'.]r':€— (14a)
Vg = — (M. + L) % — (2R + R iy, — e 2L+ Ly )iy, — (14b)
vy = — (2 + u}i"ﬂ (2R + R)iyy + (2L + L, +v) (14c)
vy = — (L + L) % — (2R + Ri)iy, — (2L + L)i, + v, (14d)

As it can be understood from (14a)-{14d), all terms consist of only
steady-state values of the MT MMC-HVDC system state variables as well
as the system parameters. The error-based dynamic model of MMCs
arms currents is achieved through subtracting (11) from (14) according

(IR +R,)

i) "

=]-mmli]
(2R +R,) | L€mg]  [2L+La) | €
L+ L)

| £
e ) s

The dynamic model (12) Is written in its steady-state condition ac-
cording to,

d [vi, D ow] v N[
E|:v' ] {—n.- ﬂ][v' ] +E|:i' ] (16)
g i "y
As a consequence, the error-based dynamic model of modulation
functions is achieved through subtracting (12) from (16],

d [ e 0 || emn ﬁ Cind
ale]- 1% sl elz) an

=i



R. Janbasi Ghadi et af.

Staaty Part for S90in apper srme K. P sl (140

i ~
]

i)
i Ladig) Vid iy =i =
(2R + R,) :H

gl
(2L L ) ] "
0 ——] L]

Dvuskamis Fart Far 5% bn wpgr armsc Eq. 06

Internarional Jowrnal of Electrical Power and Energy Systems e (wexe) s

[l

Srmay Fard ur 50 i e avme Fapi, | b il | B-0)

Hiatg) _
«

(2 iy

Qg : H

:-(mfﬂj]

o
(248 ——f M
s LIi

£
z

Level-Shifed Pulse- Wi
Madwlation [T5FH) Elpgver Ao af WM
o ol &L el
i 'l " A
R e . e s
v :
v (AAASAAAN
e
!
i
(a)
Level-Shifted Putse- Wik :

Madwhation (LEFRM}

hAJ

(b)

Fig. 2. The proposed control strategy for each arm of MMCs used in multi-terminal HVDC system. The proposed control technique for (a) SMs switches In upper

arms, and (b)) 5Ms switches in lower arms,

The error dynamic models of MMCs in (15) and (17) will be
employed for designing direct Lyapunov method-based control strategy.

3. The dynamie part of proposed control strategy
3.1, Direct Lyapunov method (DLM)

Direet Lyapunov method is utilized in this sub-section to achieve the
transient components of proposed control technigue. To this end, an
energy function should be defined to satisfy the conditions given in (18],

win) =0
WiE =0 YE£0
WiE)—oa as [[é]]l—=eoo
WiE =0 ¥ELD

(18]

Lyapunov theory tends to provide global stable margin for MT MMC-
HVDC system through controlling the state variables of the energy
storage elements, For this reason, the following Lyapunov energy
function will be defined for the MT MMC-HVDC system under study,

WIE) = 05020+ L )by + 05 (20+ Lo el + 052+ Loy +0.5(20 + Ly ey,
FOSCE 4+ 0.5Ce], | +0.5Ce], +0.5Ce,
(19)

Another reason for constructing the energy function based on the
errors of MMCs state variables is to achieve the dynamic parts of pro-
posed control strategy based on direct Lyapunov method. In fact, using
the direct Lyapunov method, it is guaranteed that the error dynamics of
MMCs can lead to asymplotical global stability for the MT MMC-HVDC
system. Based on (15), the derivative of (19) should be obtained,
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dWIE de; ) de; e,
5 = (2L 4 Lo + (2 L)ewmg— o+ (2L + fvjt'.uf—:h
; vodeny L e e, ey 4y
H{2L + hl:le"“? + l'_e.,,ﬂ-T | Cr,.v?"’ . f‘i‘.q + ce,q? (200

As it can be seen from (20), the errors and the errors dynamics are
appeared in Lyapunov function derivative. Using (15) and (17), each
term of the Lyapunov function derivative can be obtained as the follows,

At (2K +R,) 5 | . 1 .
Tr’m’ - _[H, P i T N g € i l:.zL_L‘-]Emdfma' I,’IL+.|’.,.:|""‘ Find
deng, _ (IR+R), : P L

dr T AL L) e e T T T L L)

(21)

A N

p T T g + Tt Bt

d N 24
£,

T;“rm — 1 g+ e

In order to simplify (15) as much as possible, the relations (21) and
(227 will be substituted into (20) leading to the equation (28),

‘”E’” - (2R 4 R)eL, — (2R + R,)E, — (2R + R)ely — (2R + R))el,
b — o + Nepa = B )Eud

= g + Ny = Err) g

H — o + New + €a )l

H — g + Ny + €] ey
(23)
In order to reach a global stable MT MMC-HVDC system, the deriv-
ative of Lyapunov function in (23) must be negative, It is obvious from
(23} that the terms multiplied by the system resistances are always
negative. It means that,

]

—(2R + R, e, =0
(IR + RJel, <0
(2R + R)el, <0

—(2R+ Ry, <0

il

(24)

The inequalities (23) will be true when g, # Oand g,y # 0. In order

to reach negative value for (23) in all operating conditions, other terms
(23} should be supposed as the following,

[ — o + Neww — B} = iy Ent
': — oy + Ny — Eug) = DutigyPing
[ — e + New + ) = Tuiig B
[ — ey + Newg + i) = Butigi€ig

(25)

where aypg and @) are Lyapunov coefficients that should be negative,
By rearranging the terms in (25), the dynamic parts of proposed mod-
ulation functions can meet,

i) Cindlg) + Ersig)

N —1 (26)

Frwdiy)

_ Tujg) Eiig) — Fuy)

- 27
Euidiy ¥ 1 (27)

It should be noticed that the Lyapunov coefficients of ayuqg and @
have the Ohm dimension in which it leads to the same Volt dimension
for both sides of (26) and (27). Also, as it is known, “N" has no dimen-
sion. It can be realized from (26) and (27) that the dynamics parts of
proposed upper and lower modulation functions are accurately depen-
dent on their proportional current errors as well as the MMCs output
voltages. The detailed schematic of proposed control technique is
illustrated in Fig. 2. According to this figure, the proposed modulation
function of each arm is proportional to its related MMCs arms current
and voltage. This point contributes to the decoupling feature enhance-
ment of proposed control strategy under various operating conditions.
Level-Shifted Pulse-Width Modulation (LSPWM) is used for the proposed
modulation functions as well, On the other hand, the stead-state com-
ponents of proposed control technique in Fig. 2 will be obtained using
(14a) to (14d).

3.2, Lyapunov coefficient effects on MMCs error dynamics

Proposed control technique based on Lyapunov method has several
coefficients that will impact on the errors of MMCs state variables and its
dynamics as well. To evaluate the effects of these coefficients, the re-
lations between the Lyapunov coefficients and MMC errors must be
firstly driven. To this end, relatlons (21), (26) and (27) are used to meet
the following differential equations,
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(b)

Fig. 4. Proposed capability curves for upper and lower arms, (a) steady state condition, and (1) under increasing the input and output voltages of MMCs,

de_.,_, B _I:ER-l .ﬁ‘..‘.le A | [crm-e“ + e,d] B | -
dr (ML) M )l N-1 L+ L)
dey (IR + Ry B 1 g = Evd I
R T A czmm[ N—1 ] L™
(28)

The relation (28) will be rearranged based on MMCs state variable
errors. After some mathematical manipulations, the d-component of
MMCs state variable errors for upper and lower arms can be achieved
according to (29) and (30), respectively,

o ﬁ([;‘-] ) 1):,, b W o

Cod = .
(R + R+ [32])
_J_:-""'[‘__ulﬁ( FI_I] + |)i‘.4+u."¢nl.,
£ (30)

st (2R + R+ [] )

(2hFa)

The three-dimension curves based on relation (29) are plotted ac-
cording to Fig. 3(a) and (b). As it can be realized from Fig. 3(a), when the
current error of gy, is increased, the current error &, and its dynamic

(a)

Fig. 5. Proposed capability curves for upper and lower arms, (a) under increasing B, and (b) under inereasing L with both negative and positive values for diy,/dr.

degq/dt will be noticeably increased as well, In this condition, the pos-
itive values for Lyapunov coefficlents can contribute to the reduction of
both ey and dega/de as depicted in Fig. 3(a). Moreover, Fig. 3(b) illus-
trates that the larger interval for the Lyapunov coefficients can lead to
achieving smaller values for the current error and its dynamic when the
ITOr & i5 changed. The same outcomes can be achieved for (30),

4. The separated capability curves for upper and lower arms of
MMCs

The d and g —components of MMCs upper and lower arms currents
are able to generate a specific power. This point is considered in this
paper to propose two separated capability curves, These curves will
demonstrate the power injection capability of MMCs upper and lower
arms. To this end, the relation between the DC-link input power and
terminal power is firstly stated as the follows,

(31)

Vaelge = Vigly + Vighy
It can be found from Fig. 1(b) that the d and q components of MMCs

output currents are equalized to i = iyl and iy = fug-ig, respectively.
Using the aforesaid relations, (31) is rewritten according to (32),

Increasing L with -‘fpm. o H‘ }
disidh <0

Increasing L with
diluih =0

(b)
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Fig. 6. The overall structure of proposed control strategy for MT MMC-HVDC systerm.
% = (Varhut + Viglng) — [Vslis + iig¥iy) (32) Table 1
- - h ~ g Simulation parameters.
ipper A Hawer Arma
MMCs SM Capacitor () 5 mF LeC-link Voltage 320 kv
The terminal voltages vy and vy can be stated based on the upper and MMEs Arm Inductance (L) Imil  AC Voltage 230 k¥
lower arm state variables and parameters by applying KVL's law to Fig. 1 MMCs Arm Resistance (e} 056  SMs Number/SMs Voltage 10032 kv
(b, MMCs Outpat Inductance (L SmH f, (Switching Frequency) 2 kHz
MMCs Output Resistance (R 010 f,. (AC Voltage Frequency) 50 Hz

Vi i)
R — I
7 Vadia) W dr

(33)

Vakial = Rubiig £ ey figia
4 L

Vide ] . )
Vikg) = — T+ Vang + L% { .R.lr_u![\“ + Wf.q'lm.{. [34)

By substituting the proposed modulation functions (11} into (33) and
[34), the various terms of (32) are obtained as the following,

di
s "?-hm. 4 z.i_‘T':‘;,,, + Wi iy — 20Ligig + Vs (35)
i

___vé__,dr'.,g_ e o . 26

Frghng = 5t _LT" + 2Rl + 2ty + Vol (36)
. Vo, diyr, o .. .

Vagly = ?Fu 2L?JM' — PRiglpr + 2y + vl (37)
. Vidr . l'ﬁq. o . .

Vighy = = ~5-1ig = 1L e 2Riygisy = Wankiglyy + Vgl (38)

The power of MMCs upper and lower arms are firstly defined as P4
gt = Vitcludrgy A0 Piagg)r = Vacldrgy Then, by substituting the relations
(35)-(38) into (31}, two proposed capability curves are achieved as the
fallowing,

1 1

v Dvaediag  Vava Vo L ey VoW
. R T N R Py |k
F‘”( du'rm) R (ER+1Rd‘t+4R)

iR 2R )
b Y
. 2 3 . F]
Vi, Da diog | Vi +(T_*+Lv_w&+:=z | Viciae
ER IR dr 4R BR IR v 4R 48

(39)
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Fig. 7. DC link voltage of the considered MT MMC-based HVDC system.
2 2 the ability of each arm at more power injection is noticeably enhanced
v L dig v, v Lvadiy, v, as depicted in Fig. 4(b).
Py (ﬁ f 2—;'?“ - %) + | P+ (ﬁ+ E’f’ d—:” - -i-f) Fig. 5 shows the proposed capability curves under varying the MMC
- - . - inductance and resistance. It can be observed from Fig. 5(a) that the
! " increment of MMC resistance will lead to decreasing the area of the
o Liedly vava\’ ._".;: Loadiy v’ Vs curves. It causes the common area of power generation to be mitigated,
(ﬁ‘ﬁﬁ T TaR ) + (RR T B TR ) T Consequently, less MMC resistance can enhance the ability of MMC's

"

I

(40)

Two proposed curves for upper and lower arms are drawn in Fig. 4
(a). In this figure, the common area for power generation of both arms is
specified. When the rated values of input and output voltages are
increased, the curves are changed according to Fig. 4(b). In this condi-
tion, the common area of power generation is ralsed as well. On the
other hand, when the input and output voltages of MMCs are increased,

= 10"

arms at generating more power. On the other hand, in the operating
condition of dig,/dt < 0 with the increment of L, the capability curves of
MMCs become smaller as shown in Fig. 5(b). In contrast, when the MMC
inductance is increased with diy/dt = 0, both capability curves for the
MMCs upper and lower arms approach to bigger radius with significant
increment at its center coordination.
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Fig. 8. The active power injected to AC grids by MMCs,
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5. Simulation results

The MT MMC-HVDC system is simulated through MATLAB/Simu-
link, when the proposed control strategy is applied as depicted in Fig. 6.
Roth load and DC-link voltage variations exist in the MT MMC-HVDC
system to validate the ability of proposed controller under dynamic
operating conditions, Two AC grids 1 and 2 will be under load changes at
t = 15s5and t -~ 10 s, respectively. The parameters of the considered MT
MMC-HVDC system are given in Table 1. The DC-link voltage is shown in
Fig. 7. According to this figure, the DC-link voltage is fluctuated with
both steady-state and dynamic errors during the entire simulaton time,
In addition, as it can be seen from Fig. 6, a coordination unit is employed
for MT MMC-HVDC system to provide a coordinated operation between
MMC1 and MMC2 through the reference values archived for the related
proposed control strategy.

324

&1, MMCs operating respornses

In this sub-section, the performance of MMCs will be assessed when
MMCs act in MT HVDC structure. Fig. 8 illustrates the active power of
MMCs injected to both AC grids. It is obvious from this figure that both
MMCs are able to track their reference values under load and DC-link
voltage variations. However, compared to the operation of MMC2,
MMC]1 can provide a dynamic response with less overshoot, On the other
hand, the reactive power of MMCs in AC grids are demonstrated in
Fig. 9. As it is predicted, appropriate steady and dynamic responses can
be achieved for the reactive power of both MMCs during load and DC-
link voltage as well, The reactive power injected to AC grid 1 has less
undershoot compared to another reactive power response, as depicted in
Fig. 9. The 5M capacitor voltages of both MMCs are demonstrated In
Fig. 10 and Fig. 11. It can be understood from Figs. 10 and 11 that there
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Fig. 10. The upper SMs capacitor voltages of AC grids-MMCs.
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is no special difference between the upper and lower SM capacitor
voltages of MMC1 and MMCZ2. In addition, there is actable steady-state
errors and negligible dynamie transients for both the upper and lower
SM capacitor valtages under both load and DC-link voltage variations.

5.2, Ourpur voltages of AC sides

Frequency and voltage magnitude are two main specifications of
output AC voltages of MMCs. The steady-state and dynamical responses
of these specification will be evaluated in this sub-section when both DC-
link voltage and loads are changed. The frequencies of voltages in AC
grid 1 and 2 are demonstrated in Fig. 12. The frequency response
regarding AC grid 1 voltage is more fluctuated. However, according to
Fig. 12, the fluctuatons are within an acceptable range under 0.4%
error. In contrast, the frequency of AC grid 2 voltage has negligible
steady-state and dynamie errors as shown in Fig. 12, Fig. 13 exhibits the
magnitudes of AC grid voltages. Based on this figure, the voltage

50.4 T T

magnitude of AC grid 2 has steady state error less than 2% with insig-
nificant oscillations, In comparison with AC grid 2, the dynamic
response regarding the voltage magnitude of AC gird 1 has more un-
dershoot. Also its steady state responses are involved with a little more
fluctuation around 2% error as depicted in Fig. 13,

6. Conclusion

The stable operating conditions of a MT MMC-HVDC system have
been provided in this paper through a new set of dynamic equations for
MMCs and direct Lyapunov method, As the first contribution, a new
dynamic model has been firstly achieved using the separated state var-
iables of MMC's upper and lower arms with high decoupling features. In
the first step, these decoupling state variables have been set to make
steady-state control functions with steady values of MMC arm’s currents
and output voltage in d-q reference frame. Then, stable dynamic parts
have been achieved by Lyapunov energy function which guarantee very

5412
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Fig. 12. The Frequency responses of AC grids.
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simple decoupled components for proposed control technique applied to
MT MMC-HVDC system. Also, it has been completely contributed to
finding out how the Lyapunov coefficients can impact on MMC errors
and its dynamies. In order to more survey the effects of variations of
MM parameters and state variables, as another main contribution, two
novel capability curves based on the power injection capability of
MMC's upper and lower arms have been introduced as well, Using
MATLAB/SIMULINE software, under variation of load and DC link
voltage, it has been verified that accurate steady state and dynamic re-
sponses for MMCs active and reactive power sharing, SM's capacitors
voltages, the voltage magnitude and frequency of output voltages could
be obtained.

Appendix A
The extended terms of (6) and (7):

(20 + :.,}‘% SR+ R )+ Ve + V0 =1

i, )

¢ (2L 4 :,,,]#-+ (2R + Ryl + vap + V5 =0
i, )

(2L4 L) —+ (2R + R)in + Ve 0. =10

ot
. iy, .
{20 + f“':'? + (2R 4 Ri)igg 4+ vg — v, =0

diyy
. r!..]%-} (2R 4 Ryl + vip — vy =0

(2L + F._.]%-t (2R + R)iy + v — v =10
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