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Abstract

This paper investigates a passive control (PC) scheme for multi-terminal
voltage source converter (VSC) based high voltage direct current (VSC-HVDC)
systems, which can provide a reliable and effective integration of electrical
power from renewable energy. A storage function is constructed for each ter-
minal and reshaped into a desired output strictly passive form via feedback
passivation with an extra system damping. The beneficial nonlinearities are
retained which results in a better transient dynamics of the active power, re-
active power, and direct current cable voltage. Then the retained internal
dynamics related to the direct current (DC) cable current and common DC
voltage is proved to be asymptotically stable by zero-dynamics technique of
output dynamics, thus the closed-loop system can be asymptotically stabilized.
Case studies are carried out on a four-terminal VSC-HVDC system, under six
conditions, e.g., active power and reactive power regulation with parameter
uncertainties, faults at alternating current (AC) bus and DC cable, offshore
wind farm connection, weak AC grid connection, and robustness of DC ca-
ble resistance uncertainties. Simulation results verify the effectiveness of PC
against that of linear proportional-integral (PI) control and nonlinear feedback

linearization control (FLC) under various operation conditions.
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1 Introduction

In the past decades, the ever-increasing penetration of renewable energy (wind, solar,
wave, hydro, and biomass) requires an extraordinarily reliable and effective trans-
mission of electrical power from these new sources to the main power grid, in which
hydro power has already been fully exploited in many grids, such that a sustainable
development can be achieved in future [1]. The problems and perspectives of con-
verting present energy systems (mainly thermal and nuclear) into a 100% renewable
energy system has been discussed with a conclusion that such idea is possible, which
however raises that advanced transmission technologies are needed to realize this
goal [2].

The need for more secure power grids and increasing environmental concerns
continue to drive the worldwide deployment of high voltage direct current (HVDC)
transmission technology. HVDC systems use power electronic devices to convert
alternative current (AC) into direct current (DC), they are an economical way of
transmitting bulk electrical power in DC over long distance overhead line or short
submarine cable, while advanced extruded DC cable technologies have been used to
increase power transmissions by at least 50 percent [3,4], which is also an important
onshore solution. HVDC enables secure and stable asynchronous interconnection of

power networks that operate on different frequencies. Different technologies have



been used to design two-terminal HVDC systems for the purpose of a point-to-
point power transfer, such as line-commutated converter (LCC) based HVDC (LCC-
HVDC) systems using grid-controlled mercury-arc valves or thyristors, capacitor-
commutated converter (CCC) based HVDC (CCC-HVDC) systems or controlled
series commutated converter (CSCC) based HVDC (CSCC-HVDC) systems [5, 6].

Recently, multi-terminal HVDC systems are attracting tremendous attentions
due to the requirement of power exchanges among multiple power suppliers and con-
sumers, which can easily achieve power exchanges among multi-points, connection
between asynchronous networks, and integration of scattered power plants like off-
shore renewable energy sources [7]. Though LCC converters can also be used for
multi-terminal HVDC systems, e.g. Quebec-new England link, voltage source con-
verters (VSC) are relatively easier to implement the control of parallel-connected
multi-terminals systems [5]. Moreover, VSC-HVDC has many advantages over the
LCC-HVDC system and has been proposed for integration of long distance large-
scale onshore wind farms via overhead lines and offshore wind farms via submarine
cables [8].

A large amount of researches has been devoted to design the control system for the
VSC-HVDC, among which conventional vector control associated with proportional-

integral (PI) loops is widely used. However its performance may be degraded when



operation conditions vary as its control parameters are determined by the one-point
linearization of the original nonlinear system [9]. To tackle this issue, many advanced
approaches are proposed, such as feedback linearization control (FLC) [10], multi-
variable optimal control [11], feed-forward control [12], sliding mode control [13], feed-
back linearization based sliding mode control (FLSMC) [14], perturbation observer
based sliding-mode control [15], and power-synchronization control [16]. Neverthe-
less, the aforementioned methods are merely developed for two-terminal VSC-HVDC
systems. Recently, several controllers have also been designed for the multi-terminal
VSC-HVDC system as well, such as adaptive parallel multi-PI controller [17], adap-
tive droop controller [18], wide area measurement system (WAMS) based controller
[19], and perturbation observer based adaptive passive controller [20]. However, the
above literatures haven’t addressed the stability of the internal dynamics related to
the DC cable current and common DC voltage during the control system design,
which may cause an instability of the closed-loop system.

A passive system is characterized by the property that at any time the amount
of energy which the system can conceivably supply to its environment cannot exceed
the amount of energy that has been injected to it by external inputs. Passivity
views a dynamical system as an energy-transformation device, which decomposes a

complex nonlinear system into simpler subsystems that, upon interconnection, and



adds up their local energies to determine the full system’s behaviour [21]. The action
of a controller connected to the dynamical system may also be regarded, in terms
of energy, as another separate dynamical system. Thus the control problem can
then be treated as finding an interconnection pattern between the controller and
the dynamical system, such that the changes of the overall storage function can
take a desired form [22]. Compared to the one-point linearization based linear PI
control, passive control (PC) carefully cancels the system nonlinearities, such that
a globally consistent control performance can be achieved than that of PI control.
Meanwhile, compared to FLC, PC retains the beneficial system nonlinearities instead
of a full compensation, thus PC can enhance the system damping than that of FLC.
The application of PC can be found in power system [23], doubly-fed induction
machine [24], power converter (25|, three-phase front end converter [26], and the
integration of distributed generation (DG) [27].

Thus far, PC has been largely applied to VSC-HVDC systems. In terms of
passivity, the power flow of alternating current (AC) networks into multi-terminal
VSC-HVDC systems must be greater than or equal to the rate of change of the
overall energies in multi-terminal VSC-HVDC systems, which are stored and ex-
changeable in the energy storage components such as capacitors and inductors [28].

An interconnection and damping assignment passivity-based (IDA-PB) control has



been applied based on the port-controlled Hamiltonian with dissipation (PCHD)
model in [29] for a standard two-terminal VSC-HVDC system, which can provide
more system damping than that of FLC [10] as the beneficial system nonlinearity is
retained. However, it cannot be extended into multi-terminal VSC-HVDC systems
as the internal dynamics cannot be represented and analyzed through the PCHD
model.

In this paper, a PC has been developed for a multi-terminal VSC-HVDC system.
A storage function, also known as the energy function, of the studied system is firstly

constructed, then the energy shaping technique [21] is used as follows:

e Differentiate the storage function and carefully investigate the actual role of each
term, then retain the beneficial ones while fully compensate all the others, such
that the physical property of the multi-terminal VSC-HVDC system can be wisely

exploited;

e Reshape the above system by transforming the previously manipulated storage
function into an output strictly passive form of three controlled states: active power,
reactive power, and DC cable voltage, via feedback passivation with an extra system
damping, such that the transient responses of PC can be notably improved against
that of the exact nonlinearity cancelation based FLC [10].

Moreover, the nonlinearities compensation of PC can provide a consistent control



performance under various operation points compared to that of the PI control [9].
Considering zero-dynamics of the active power, reactive power, and DC cable voltage,
the retained internal dynamics related to the DC cable current and common DC
voltage is proved to be asymptotically stable in the sense of Lyapunov criterion. The
control performance of the PC is evaluated on a four-terminal VSC-HVDC system,
in which its tracking performance of active and reactive power under parameter
uncertainties is tested at first. Then its system dynamic enhancement is discussed
under faults at AC bus and DC cable, offshore wind farm connections, weak AC
grid connection, and robustness of DC cable resistance uncertainties, respectively.
Simulation results are provided to demonstrate its superiority over the FLC and the
PI control.

Section 2 presents the mathematical modelling of an N-terminal VSC-HVDC
system. Section 3 develops the PC design for the N-terminal VSC-HVDC system.
Simulation results on a four-terminal VSC-HVDC are given in Section 4. Some
discussions about the application of PC into other situations and its benefit against

PI control are made in Section 5. Finally, Section 6 concludes the paper.



2 Mathematical Modelling of an N-terminal VSC-

HVDC System

The mathematical model of an N-terminal VSC-HVDC system is established in
the synchronous dq frame. A lumped parameter model is assumed and the AC
network is represented through the series connection of the AC network voltage
source and transmission line, which is interfaced to a VSC at the point of common
coupling (PCC) shown in Fig. 1 through the transformer. Xg4;; and Xgo; stand for
the reactance of the short parallel transmission line [14] connecting between the AC
network; and the corresponding PCC, which represents the external power network
topology connected to the N-terminal VSC-HVDC system. Here, assume the AC
networks are strong enough thus the reactance is ignored, e.g., Xq1; = Xaqo; = 0
and V;; = V,. A more detailed VSC model featuring the related switches can be
employed but this would only add a slight ripple in the voltage waveforms due to
the associated switching action, which does not significantly affect the fundamental
dynamics [11], thus the VSCs are represented by their averaged model [18].

The phase-locked loop (PLL) is used during the transformation of the abc frame
to the dq frame [30]. The g-axis is locked with the voltage V; on the AC side of the

VSCs to ensure a decoupled control of the active power and reactive power. Only the
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Figure 1: One terminal in an N-terminal VSC-HVDC system.

balanced condition is considered in this paper, i.e., the three phases have identical
parameters and their voltages and currents have the same amplitude while each phase
shifts 120° between themselves. Furthermore, it is assumed that the multi-terminal
VSC-HVDC system is connected to sufficiently strong AC networks, in which the
AC voltage remains as a constant. Lastly, the converter losses are neglected [10].
One terminal of an N-terminal VSC-HVDC system is illustrated in Fig. 1. On
the AC side of the VSC station, the system dynamics can be expressed at the angular

frequency w; as

7 R; Vsqi
loy = =T +wilg + 72 + -

k3

. (1)
lyi = _%[qi —w;la; + VL“: + 7

where [4; and I,; are the ith d-axis and g-axis AC current; Vq; and Vi are the
ith d-axis and g-axis AC voltage, in the synchronous frame Viq; = 0 and Vi, = Vi;
ug; and uq; are the ith d-axis and g-axis control input of VSC; R; and L; are the
ith resistance and inductance of the VSC transformer and phase reactor. Note that

Eq. (1) is actually extended from the two-terminal VSC-HVDC system model [10],
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which control inputs are an aggregated term of the difference between the generator
side voltage usq1/usa1 and VSC side voltage t,q1/ua1. However such forms are not
proper to represent the more ‘real’ control inputs as there are no such control inputs
forms in practice, which cannot be applied to the VSC-MTDC systems directly until
some algebraic calculations being done. This paper redefines the control inputs with
only VSC side voltages t,q1/uwa1 and they are the ‘real’ control inputs which can
be implemented in VSC-MTDC systems directly, such that the physical meaning of
control inputs can be retained.

By neglecting the resistance of the VSC reactor and switching losses, the instan-
taneous active power P; and reactive power (); on the ith AC side of the VSC can

be calculated as follows [18]

P, = 3(Vigilgi + Vaailai) = $Vaqilai

Qi = %(‘/;QZIdZ - ‘/;dilqi) = %‘/sqz'[dz’

The DC cable dynamics can be expressed by [18]

s _ 1 1
Vdci - VdciCiPi - a[cz

o~ 1y, Bagp .1
ICZ - Lci‘/vdcl Lcl -[Cl Lci‘/CC

where C; and C, are the ith and common DC capacitance which voltages are denoted
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by Vae; and V.., respectively, which locations are given in Fig. 1; R and L; are
the resistance and inductance of the ith DC cable; I.; is the current through the ith
DC cable. This paper adopts the same DC cable model as employed in references
[10,15,16], it considers the DC transmission line to be a long overhead line, in which
a m-link model of the DC circuit is adopted to model the DC cable. Particularly,
one leg of m-link DC cable is connected to each converter while all the other legs of
m-link DC cable of all converters are parallel thus aggregated and represented by the
common capacitor C.. This is a reasonable approximation for the purpose of control
systems analysis.

The topology of an N-terminal VSC-HVDC system is illustrated by Fig. 2 [31],
in which V. is located at the midpoint to represent a special type of interconnection
of N terminals, such that the balance of DC currents of each terminal can be simply
described by one differential equation on the common capacitor C.. The dynamics

of the common DC capacitor is calculated as

To this end, the global model of the N-terminal VSC-HVDC system is written

12
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Figure 2: The topology of an N-terminal VSC-HVDC system.
as follows )
Iy = _%[di +wily + ‘z—q + uL—dz
Iy = —% qi — wilai + %
3‘/5 'LI 7 —

‘/;1(31 = 2Vd(1igi Cl'l IC’L 7Z - 17 7N (5)

. 1 N
‘/cc = C. Zui=1 Icz‘

The order of system (5) is 4N + 1. Here, each inverter is equipped with a unique
controller to control its active power and reactive power injection in AC networks,
while each rectifier is equipped with a unique controller to control its DC voltage

and reactive power, respectively.
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3 Passive Control Design for the N-terminal VSC-

HVDC System

3.1 Passive control

The objective of PC is to passivize the system with a storage function which has a
minimum at the desired equilibrium point, hence it reshapes the system energy and
assigns a closed-loop energy function equal to the difference between the energy of the
system and the energy supplied by the controller. Consider a dynamical nonlinear

system represented with the general model

(6)

where x € R" is the system state vector. u € R™ and y € R™ represent the input
and output, respectively.

The energy balancing equation can be written as follows:

o] = Hiz(0)] = [ 7 (s)yleds = d() ™
stored N ~~ 9 “  dissipated

where H(x) is the stored energy function, and d(t) is a nonnegative function that
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captures the dissipation effects, e.g., due to resistances or frictions, etc.
System (6) is defined to be output strictly passive if there exists a continuously
differentiable positive semi-definite function H(x) (called the storage function) such

that
H
Wy > O ) + Gy, Vi w) € B x R )

where ¢ > 0. In order to obtain the asymptotic stability the following lemma is

needed.

Lemma.1. Consider the system described in (6), The origin of the uncontrolled sys-
tem & = f(x,0) is asymptotically stable if the system is output strictly passive and
zero-state detectable with a positive definite storage function H(x). Moreover, if the
storage function H(x) is radially unbounded then the origin is globally asymptotic

stable [21].

If system (6) is not passive, but there exists a positive definite storage function H (z)
and a feedback control law u = fB(z) 4+ kv such that H < vy, then the feedback

system is passive. As a result, the feedback passivation can be used as a preliminary
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step in a stabilization design because of the additional output feedback

v=—¢(y) (9)

where ¢(y) is a sector-nonlinearity satisfying y¢(y) > 0 for y # 0 and ¢(0) = 0, can

achieve H < —yo(y) < 0.

3.2 Passive Control Design for Rectifier

For system (5), denote the jth VSC as the master controller such that DC voltage
Vac; and reactive power Q; can be regulated to their reference values Vi, and @7,
respectively. Define the tracking error e; = [ej1, ej0]" = [Vag — Vii,, Q; — Q3" and

differentiate e; until control inputs uq; and ug; appear explicitly, gives

;

5. — Vg Bir. T du (3Vealyi p )| 1 R —
€j1 = QCdecj[ LJ-IOJJ + wjly, CiVaey \ 2Vag I chCj(‘QCJ Rejlej — Vo)

3V .
56,1, v, tas Ve

3Vaqj Ve

| €2 =5 (‘f—jfdj + Wil + ﬁ) + Gptugy — Q)
(10)
Construct a storage function [23] of system (10) as follows
1 * \2 1 * 2 1 *\ 2
H;(Vaej, lacj, Q) = §(Vdcj — Vi)™ + 2—Cg(fdcj —13;)" + 5(@1‘ - Q) (11)
j
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where Iqc; and I3, are the current through capacitor C; and its reference value,

respectively, with I3, = CJdeCJ

VdCJ VdCJ
H; includes the quadratic sum of the voltage and current of the jth DC capacitor
and the reactive power in the jth AC network. Differentiating H; with respect to

the time, it yields

Hj = H(qu Vdcj>(]dcj - ]dcj> + E(Ide - ]dcj>(Vde - Vdcj> + (Qj - Qj)(Qj - Qj)
1 3Viqj R; Iy (3Vagily
:_]CA_]*,{vc‘_V*, il [__J]. o _tu ( SqJCH_]C)]
C ( A dcj) ( 4 dcj) * QCj‘/zicj LJ " A ijdcj 2VEicj ’
1 3V
Vaes = Rejley = Vo) + 520 —ug — Vi, }
OLCJ( dej — J ) QCL‘/dc] dcj
#(Q - Q[55 (~ Pty + L—‘U) ] (12)
Design the passive controller for system (10) as
(
20, L; Ve % Rip P
Ugj = de{ - (Vdcj - Vdcg) t v de] [ Py — w;Q; + CVaer qu <Vdcj - [cj)}
o (Vg — Regley = Vee) + Vi + le} (13)
. 3V2 . Ak e
\Udj:32\2;[_wjpj_ﬁ+%62j+@j+’/j2]

where V; = [vj1,vj2]" is the additional system input.

Choose the system output for system (10) as Y; = [Vj1, Yio] " = [(lae;—1Li;)/Cy, Q5 —

17



Q;‘]T Let V; = [-X\1Yj1, —\j2Yj2]", where \;; and \jo are some positive constants
for the feedback passivation to inject an extra damping in /4.; and ();. Substituting

control (13) into (12) and using (2), it obtains

H; = Ci(fdcj — Lie;)vin + (@5 — Q;)( - &(Qj - Q)+ ij)

i L;
R
= vj1Yj1 + vj2Yje — L_]Y;QQ
J
R
= =AY — (N2 + L—J,)ngz <0 (14)

J

It can be easily verified that the uncontrolled system is zero-state detectable. Accord-
ing to the passivity theory [34], system (10) is output strictly passive from output
Y; to input V;. From power-current relationship (2) and DC dynamics (3), one can
conclude that I4;, I,;, and Vj.; are asymptotically stabilized to their reference values

Iy, I

4i» and V. Note that the regulation of one DC voltage to its set-point may
sometimes result in other voltages in the DC networks go to different equilibriums,
instead of always go to their respective set-points. In such cases, more converters
have to be employed as the rectifiers to ensure the DC networks voltage could be

regulated to their respective set-points.

In order to investigate the effect of feedback passivation gains A;; and Aj, on the

18



rectifier controller performance, substitute control (13) into the error dynamics (10).

One can obtain the closed-loop system as follows:

éjl + )\jléjl + €j1 =0
(15)

éjg + ()\jQ —+ f—j)ejg =0
From the closed-loop system of rectifier (15), it can be found that its poles are located

—4

2
at —X1 4 YA
2

77— and —(A\j2 + %) for DC voltage and reactive power, respectively.

Thus a larger A\;; and Ajp will result in a faster error convergence. Moreover, one can

obtain the transfer function of the closed-loop system of rectifier (15) as

Qji(s) = =+

Aj1 +$+1 (16)
Djo(s) = S
’ A T
Hence, the controller bandwidth can be directly calculated as
. w V541
’q)jl(jwbﬂ” = \/LQ =1+ ( ,\k;.Jll - w:j1)2 =2= Wpj1 = (—;))\jl
. Why R; 2R.: R?
|(Dj2(]wbj2)| - \/Li = (%)2 + (]. + L—;/\j2)2 =2= Whj2 = \/)\?2 — _Lj)\;a — L—%
(17)

It is worth mentioning that the measurement of Vy.; cannot be accurate due to the

sensor noise or external disturbance, which may result in a chattering for the DC
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voltage control. In order to handle this issue, a low-pass filter can be used to filter out
such chattering. This paper considers only one converter to control DC voltage for

the illustration of PC design, it can be easily extended to multiple converters case by

denoting them as ji, - - - , j, and design these controllers according to (13), while other
converters are then used for active and reactive power control with £k = 1,--- | N,
k#jh'” 7jn'

3.3 Passive Control Design for Inverter

The kth VSC is then designed to regulate active power P, and reactive power Qg
to their reference values P} and @)}, respectively, where k = 1,--- , N and k # j.
Define tracking error e, = [ex1, exa]” = [P, — P, Qr — Q3] and differentiate e;, until

control inputs ug, and ug, appear explicitly, gives

€x1 = @ <—§—:qu - wkfdk> + 32‘/2?111(1/6 - P]: (18)
Cr2 = ‘3‘/;% (‘Iz_:]dk + wplyr + ‘/L‘I’f) + 32‘/zikudk - Q;
Construct a storage function of system (18) as follows
1 * 1 *
Hy(Py, Qi) = 5(Ps = P)’ + 5(Qk — Q})° (19)

20



Hj, includes the quadratic sum of the active power and reactive power in the kth AC

network. Differentiating Hy with respect to the time, it yields

Hy = (P, — P)(Pe = P7) + (Qr — Q1) (Qr — Q)

3Viqk (_ Ry, 3Vsqk

— T — wil
5 ak Wkdk>+2Lk

Sl I

qu — P]:i|

3V R Vs 3V .
+ (Qr — Q) [ ak ——k]dk + wpdgr + ak + ak Udr — Qk} (20)
Ly Ly 2L,

Design the passive controller for system (18) as

Uqk = 3y, 0 <Wka + L—kPk + P+ I/k1>

(21)
3V2 :
Uk, = 32‘2; (—kak — 22‘;; + %QZ +Qp + I/k2>

where Vi, = [p1, Vo] T is the additional system input.

Choose the system output for system (18) as Yy, = [Yi1, Yio|T = [Px — Pf, Qr —
Q:]T. Let Vi = [~ A1 Ya1, —Aw2Yio] T, where A1 and A\ge are some positive constants
for the feedback passivation to inject an extra damping in P, and Q. Substituting

control (21) into (20) and using (2), it yields

21



. R R
e = (Po— P?) (—L—”:(Pk P4 um> Q-0 (—L—’;(Qk _on+ m)
R R
= Vg1 Y1 + VkoYio — L_:Ykzl — L—:Y;fg
R R
= Ou 2 e By <o (22)
L Ly

Similarly, system (18) is output strictly passive from output Yj to input Vi. Thus
Lk, 1q, and Vi, are asymptotically stabilized to their reference values I3, I ok and
Vig.

In order to further investigate the effect of feedback passivation gains Az and
Ak2 on the inverter controller performance, substitute control (21) into the error
dynamics (18). One can obtain the closed-loop system as follows:

1+ (M + F)ery =0
N (23)

ékg + <)\k2 + ?—:)ekg =0

From the closed-loop system of inverters (23), it can be found that its poles are lo-
cated at —()\kl—l—f—:) and —()\k2+1§—:) for active power and reactive power, respectively.

Thus a larger Ay and Apo will result in a faster error convergence. Furthermore, one

22



can obtain the transfer function of the closed-loop system of inverter (23) as

Py (s) = ——
)‘k1+kak1+1 (24)

Do (s) = —L——

kQ( ) *22+ lffk2+l

Hence, the controller bandwidth can be directly calculated as

. w R2

|Pr1(jwpr1)| = \% = ()2 + (1 + %Akl)Q =2 = Wy = \/)\il — % ~

’ w R 2R RZ

i) = 5 = (22 + (L + Bha)? =2 cnia = |V — 285 —
(25)

The roots of the overall closed-loop system are illustrated by Fig. 3. It can
be readily observed that a faster error convergence can be achieved as feedback
passivation gains Aji, Aj2, A1, and Ay increase. In particular, when 2 > Aj; > 0, an
exponentially oscillatory convergence of DC voltage will be resulted in; when A\;; > 2,
an exponentially monotonic convergence of DC voltage will be obtained.

To this end, inequalities (14) and (22) indicate that systems (10) and (18) can be
asymptotically stabilized to the desired equilibrium point as the energy fluctuations

converge to zero. The overall storage function H; of the N-terminal VSC-HVDC
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Figure 3: Closed-loop system roots distributions of the rectifiers and inverters of PC.
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system (5) by controls (13) and (21) can be expressed in the following form

N

Hy = Hi(Vagj, Lo, Qi) + > Hi(Pe, Qx) (26)
k=1,k#j

The structure of the proposed PC design can be illustrated by the block diagram in

Fig. 4.

Remark.1 The conventional linear PI/PID control scheme employs an inner current
loop to regulate the current [9], which could employs a synchronous reference frame
(SRF) based current controller [33] to avoid overcurrent. In contrast, the proposed
nonlinear PC (13) and (21) actually contains no current in its control law while it
cannot handle the overcurrent. Hence, the overcurrent protection devices [37-39]

will be activated to prevent the overcurrent to grow, which can be seen in Fig. 4.

3.4 Internal Dynamics Stability

Under controls (13) and (21), the total system order of active power P;, reactive
power ();, and DC cable voltage Vj.; can be calculated as N + N + N = 3N, which
can all be asymptotically stabilized. The internal dynamics is related to the DC cable
current I.; and common DC voltage V... To simplify the analysis, shift the reference

values of the overall system to the origin and the following new state variable vector
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Figure 4: Block diagram of the passive controller.
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is introduced as © = [la;, Iqi, Vaci, Lei, Vee]'. where ; = x; — x} is denoted as the
estimation errors of z; and z] is its reference value, respectively.

System (5) can be expressed in terms of the new state variables as

;

[ — _Rif T4 Ui
Idz - _szdz + wzlqz + L,-Z

< o R: T 7 Ugi
Iqi = —L—z qi+w1-[d¢+ L—q;

g Sty Mty

17 i=1...,N 27
WaeiCi  2VL.Ci o lei T (27)

71T Ry T 17
[ci - _V;ici - .[ci - _V;:c

Lci ch Lci

X 1 N =
\ ‘/cc = C_Czizl Icz'

Divide the state variable vector = into two parts as the output n = [lzdi, ~qi, f/dmv]T

and internal state & = [I.;, Vee] . Now system (27) can be considered as the normal

form [34]
é = f2(77a 5)
with
u = f3(n,§) (29)

When output 7 is identically zero, the behaviour of system (28) is governed by the

differential equation
£ = £2(0,) (30)
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which is the zero-dynamics of system (28).

Based on the previous analysis and power-current relationship (2), it has been

proved that Ve, T4, and ]Nqi are asymptotically stable by control (13) and (21). It

remains now to study the behaviour of internal state & when n converges to zero.

Substitute n = 0, £ is governed by the following differential equation

where

[jclv INC27 e

Thus, the zero-dynamics of system (27) becomes

£ = At

28

) ch7 ‘ZC]T = A[icla INC27 SRR ch; ‘A/"CC]T

(N+1)x(N+1)

(31)

(33)



To study the stability of zero-dynamics (33), choose a Lyapunov function as

N
Vv =S Leife o Lpo 34
( C1y CC) Z 20 Cc? + 2 cc ( )

=1

The derivative of V along the trajectories of (33) is given by

N L.~ = ~
V= Z Cc cz[cz + ‘/cc‘/«:c
i=1
N ~ N
ch T Rcz T 1 = V;;c ot
= [m — [cz - ‘/cc ~ [cz
; Cc ( Lci Lci ) * Cc 12:1:
N
Rci
=Y "2 < (35)
=1 Cc

It is obvious that V is negative semi-definite as R.; > 0 and C, > 0. To find the

neighbourhood of origin S = [¢ € RN*!|V(€) = 0], note that

V(E)=0=1I,=0i=1,...,N (36)

Thus § = [ € RN, = 0,i = 1,...,N]. Let £ be a solution that belongs
identically to S:

fciEO:.ciEO: =0 (37)
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Figure 5: A four-terminal VSC-HVDC system.

Therefore, the only solution that can stay identically in S is the trivial solution ¢ = 0.
According to LaSalle’s theorem and its corollary [34], the zero-dynamics of system
(27) is asymptotically stable.

To this end, the whole system (27) can be asymptotically stabilized at (n,§) =

(0,0) under the proposed controls (13) and (21).

4 Simulation Results

The proposed controller is tested in a four-terminal VSC-HVDC system, as illustrated
in Fig. 5, which is an extended system from [31]. Note that VSC; is chosen as the
master controller to regulate the DC voltage and reactive power, while the other three

VSCs independently control their active power and reactive power. The system
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frequency of AC network, is 60 Hz, and the others are 50 Hz. All other system
parameters are given in Table 1. In addition, four identical three-level neutral-
point-clamped VSCs model for each rectifier and inverter from Matlab/Simulink
SimPowerSystems are employed, which structure and parameters are taken directly
from [9].

The control performance is evaluated under various operation conditions in a wide
neighbourhood of the initial operation points and compared to that of PI control
[9] and FLC [10,31]. Here, PI control owns a standard cascade control structure
having inner loop current controllers and then outer loop voltage/power controllers,
together with the standard decoupling of d-axis and g-axis, while the voltage at the
PCC is measured to simplify the inner current loop [9]. Through trial-and-error,
PI parameters are chosen as follows: DC voltage loop: K, = 80, K1 = 120; Active
power/Reactive power loop: K, = 6, K; = 10; d-axis and q-axis current loop:
K, = 250, K1 = 600. The simulation is executed on Matlab 7.10 using a personal
computer with an IntelR Core™i7 CPU at 2.2 GHz and 4 GB of RAM.

Through trial-and-error, PC parameters are chosen to make a trade-off between
the system damping and control costs as follows: For VSC; rectifier controller: A\; =
250, A2 = 400; For VSCy inverter controller, where k = 2,3,4; \y1 = Ao = 500.

According to the system parameters from Table 1, the controller bandwidth can be
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Table 1: System parameters used in the four-terminal VSC-HVDC system.

Base power Shase=100 MVA
AC base voltage VACbase=100 kV
DC base voltage VDCbase=200 kV

AC system resistance (25 km) R; =0.022 Q/km

AC system inductance (25 km) L; =2.6 mH/km
DC cable resistance (50 km) R.; = 0.016 Q/km
DC cable inductance (50 km) Le; = 2.2 mH/km

DC link capacitance C; =7.96 uF

Common DC capacitance Ce =19.95 uF

calculated based on (17) and (25) as: wp;n = 404.5 rad/s, wpi2 = 391.36 rad/s,
and wpr1 = wpr2 = 491.39 rad/s, respectively. The control inputs are bounded as
lugi] <1 pau., Juai| <1 pou., wherei=1,...,4.

1) Case 1: Active power and reactive power reversal with parameter uncertainties.
An active power and reactive power reversal started at ¢ = 0.5 s and restored to the
original value at ¢t = 1 s under 20% increase of DC cable resistance has been tested,
when the DC voltage is regulated at its nominal value. The system responses are
provided by Fig. 6. One can find that the overshoot of active power and reactive
power is completely eliminated by PC and FLC compared to that of PI control thanks
to the nonlinearities compensation. In addition, PC tracks the reference power more
rapidly than that of FLC as it remains the beneficial nonlinearity instead of the exact
nonlinearity cancelation, which can also effectively attenuate the malignant effect of

DC cable parameter uncertainties against FLC thanks to the improved damping by
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Figure 6: System responses obtained in active power and reactive power reversals
under 20% increase of DC cable resistance.

energy shaping. Note that PI control performance is degraded dramatically under
varied operation points as its control parameters are tuned based on the one-point
linearization.

2) Case 2: 10-cycle line-line-line-ground (LLLG) fault at AC bus. A 10-cycle
LLLG fault occurs at bus 1 from 0.2 s to 0.4 s. Due to the fault, the AC voltage
at the corresponding bus is decreased to a critical level [35,36]. Fig. 7 shows that

PC can effectively restore the system with less active power oscillations. Note that
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Figure 7: System responses obtained under a 10-cycle LLLG fault at bus 1.

a relatively large overshoot of the AC-side current is resulted in by the PI controller
under the AC-side fault, while a smaller current overshoot and a better transient
response are provided by the PC and the FLC due to the compensation of the
nonlinear dynamics caused by the sudden drop of the AC-side voltage.

3) Case 3: Temporary fault at the DC cable. A 5 ms temporary short-circuit fault
occurs at the midpoint of DC cables at ¢ = 1 s and removed automatically thereafter,
which is normally the fastest response time of DC protection system. DC fault will

cause a voltage drop in the DC cable and generate a significant transient fault current
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Figure 8: System responses obtained under a 5 ms DC fault at the midpoint of DC
cable 3.

which may exceed the VSC rated power [40]. Fig. 8 illustrates the corresponding
system responses, it can be found that DC currents I.;, I.2, and I.3 can be restored
more rapidly and smoothly by PC. Moreover, it can reduce the possibility of VSC
overloading when DC fault occurs as less faulty current and common DC voltage V..
produced in comparison to that of FLC and PI control, thus the system stability can
be enhanced.

4) Case 4: Offshore wind farm connection. When offshore wind farms are con-
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nected to the multi-terminal VSC-HVDC system, the terminal voltage Vi; becomes
a time-varying function due to the intermittence nature and stochastic variation of
wind energy [41-45]. AC network; and AC network, are modelled as two offshore
wind farms to investigate the control performance of different approaches, a random
15 s voltage fluctuation mimicking the wind farm output power variation is sim-
ulated. System responses are illustrated in Fig. 9, it shows that both active and
reactive powers are oscillatory, in which PC has the smallest oscillation magnitude
of the control outputs. Hence PC can effectively suppress such power oscillations.

5) Case 5: Weak AC grid connection. Consider a weak AC network connection
which needs to consider the reactance between AC infinite buses and the PCC. Here,
Xq1:=Xq2;=0.2 p.u. and one of the parallel line in AC network; and AC networks
are disconnected from the operation at 1 s and again reconnected at 3 s [14]. The
obtained system responses are demonstrated by Fig. 10. One can readily see that
PC can restore the disturbed system at the fastest rate and the least overshoot
in comparison to that of PI control and FLC thanks to its extra system damping
injection.

6) Case 6: Robustness of DC' cable resistance uncertainties. In order to evalu-
ate the robustness against DC cable parameter fluctuations, a series of plant-model

mismatches of DC cable resistance R.; variation around its nominal value due to the
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Figure 9: System responses obtained when offshore wind farms are connected.
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Figure 10: System responses obtained under weak AC network.
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temperature variations in the DC cable are undertaken, in which a 5-cycle LLLG
fault at bus 1 is applied. The absolute peak value of reactive power |@;| and DC
voltage |Vge1| is recorded for a clear comparison. Fig. 11 illustrates that the varia-
tion of reactive power |@;| obtained by PI control, FLC, and PC is 6.38%, 8.19%,
4.76%, respectively. Meanwhile, the variation of DC voltage |Vgei| obtained by PI
control, FLC, and PC is 5.97%, 7.65%, 4.23%, respectively. It is worth noting that
PC can provide the greatest robustness thanks to its additional damping injection
mechanism, which can strongly suppress the malignant effect of DC cable parameter

fluctuations.

5 Discussions

Note that PC design is more complicated than that of PI, which is a quite common
issue for these advanced control design [15] according to the "no free lunch theorem”.
In order to improve the control performance, or enhance robustness/adaptiveness,
etc., a sacrifice of control system simplicity is usually unavoidable. Fortunately,
thanks to the fast development of modern control system and advanced electronics,
more and more advanced controllers are implementable and have been validated by
hardware-in-loop test [10-17]. It is therefore promising that PC could be imple-

mented in practice by those state-of-art techniques.
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Figure 12: System responses obtained under large power reversal at AC networks.

Moreover, through trial-and error, it has been found that a power reversal started
from -1.25 p.u. to 1.25 p.u. of active power of AC network, will cause a long-lasting
oscillation of active power by PI control. In addition, when the power reversal grows
even larger, e.g., from -1.5 p.u. to 1.5 p.u., a consistent oscillation will be resulted in.
In contrast, PC can still maintain a stable and satisfactory control performance, as
shown in Fig. 12. Hence the benefit of PC (global control consistency) can be clearly
verified compared to PI (control performance degradation and power oscillation)
despite of its complicated control structure.

Lastly, the application of PC to other VSC-HVDC systems are summarized as
follows:

e [f the VSC-HVDC system is connected to some passive networks without gen-

eration, the proposed PC cannot be employed on the inverter side connecting to the
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passive networks, which requires to regulate the AC voltage [46] to be a constant.
This is because that the relationship between system output and control input is an
algebraic equation, which cannot be used to construct a storage function, thus one
cannot obtain the PC by differentiating the storage function. However, a hybrid PC
and PI control framework can be adopted, e.g., PC is deisgned for rectifier side and
inverter side connecting to active networks, while PI control is designed for inverter
side connecting to passive networks.

o [f the VSC-HVDC system is embedded in AC networks, in which AC areas are
also connected by AC tie-lines [47]. The proposed PC can directly be applied to
achieve the following three control objectives: (1) active power; (2) reactive power;
and (3) DC voltage. As the control input can be explicitly derived by differentiat-
ing the storage function consisted of system output, while PC does not require the
information of the AC tie-line.

o [f the N terminals of VSC-MTDC system are in other configurations, e.g.
meshed DC network. In general, there’re four ways to regulate the DC power
flow [48]: (1) Adjusting DC resistances of transmission lines; (2) Adopting a DC
transformer; (3) Inserting an auxiliary voltage source into the transmission line; and
(4) Interline power flow controller. However, the relationship between system output

and control input of these methods are all in algebraic form, thus the storage function
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cannot be constructed and PC cannot be applied into meshed DC network. In fact,

most of these controllers have used PID/PI based method for meshed DC networks.

6 Conclusion

In this paper, a passive control scheme has been developed for multi-terminal VSC-
HVDC system, which can effectively transmit the electrical power from renewable
power generations. The storage function is reshaped into an output strictly passive
form, in which the beneficial nonlinearities are retained to provide a better transient
performance of the active power, reactive power, and direct current cable voltage.
Then the closed-loop system stability has been proved to be asymptotically stable
by the zero-dynamics technique.

Case studies have been carried out on a four-terminal VSC-HVDC system, a com-
prehensive comparison has been undertaken with the one-point linearization based
PI control and the full nonlinearities cancelation based FL.C. The regulation perfor-
mance of active power and reactive power is tested, together with a typical power
reversal, which demonstrates that PC can achieve a rapid power tracking and elim-
inate the overshoot. Then its control performance is evaluated under faults at AC
bus and DC cable, offshore wind farm connections, weak AC grid connection, and ro-

bustness of DC cable resistance uncertainties. Simulation results demonstrate that
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PC can restore the disturbed system more effectively than others, while the fault
current of PC is minimal, thus it can reduce the possibility of VSC overloading.
Future work will be carried out on the following aspects: (1) Converter losses
will be considered to develop a more practical system model; (2) Bipolar VSC con-
figuration will be taken into account to study the different system structure; (3)
VSC capability curves will be introduced to provide a thorough VSC operation per-
formance; and (4) A hardware-in-loop test (HIL) will be undertaken to test the

proposed controller in practical transient stability studies.
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