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Abstract—A new adaptive control strategy, intended to improve
the ride-through capability of high-voltage direct current (HVDC)
systems under unbalanced network conditions and parameter un-
certainties, is introduced. The proposed strategy resorts to a model
reference adaptive control plus a resonant filter. The resonant filter
scheme is based on a unique synchronous reference frame that pre-
vents the use of the customary sequence component detector, in-
creasing the controller bandwidth accordingly. Several tests are
conducted to compare the proposed scheme against existing HVDC
controllers, showing an improved performance regarding: 1) elim-
ination of the 2w ripple on the dc voltage arising during ac-side
imbalances; 2) accurate and decoupled active and reactive power
tracking when converter parameters are not perfectly known.

Index Terms—DC voltage control, imbalance and parameter un-
certainties, nonlinear adaptive control, power flow control, reso-
nant controller, voltage source converter (VSC), VSC-based high-
voltage direct current (HVDC) systems.

1. INTRODUCTION

IGH-VOLTAGE direct current (HVDC) systems based
H on voltage source converters (VSC-HVDC) constitute a
promising technology currently being developed by companies
such as ABB and Siemens [1], [2]. A notable increase in the
power transmission capability of these systems is making
the VSC-HVDC technology an attractive alternative to the
traditional ac transmission systems [3]. Conventional HVDC
systems employ line commutated, current-source converters
requiring a synchronous voltage source in order to operate. The
conversion process demands reactive power from filters, shunt
banks, or capacitors which are part of the converter station. Any
surplus or deficit in reactive power must be accommodated by
the ac system. The VSC-HVDC technology, lacking this limi-
tation, offers added advantages associated with the possibility
of independently controlling the active and reactive power.
Also, its fast transient response when controlling the ac current
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components makes this technology very interesting not only
for subtransmission but also for distribution systems. The in-
creasing number of current and future areas where VSC-HVDC
systems can play a key role, further focuses the spotlight on this
technology. Among them, the following can be cited: small and
isolated remote loads, power supply to islands, express infeed
systems to city centers, improving power quality and power
flows in distribution systems, remote small-scale generation,
offshore wind farms, deep-sea crossings, and multiterminal
systems [4].

In future power systems, several new sources of electricity
generation must be embedded. Distributed generation is going
to change the current operation philosophy of distribution and,
to a certain extent, subtransmission power grids. Furthermore,
hybrid (HEV) and electrical vehicles (EV) or energy storage
systems (ESS) will have to be fed. Most of these elements need
an interface for them to be connected to the ac power grid, which
could be simplified in the case of having a dc power network
in their vicinity. This approach is shown in Fig. 1 where HEV,
EV, ESS, solar panels (PV), wind energy conversion systems
(WECS) and other ac/dc networks are considered. In order to
avoid possible interactions among all these elements, when con-
nected to the same dc bus, the dc voltage control should be as
fast and tight as possible. Therefore, strategies for controlling ac
currents and dc voltage must be efficient at tracking references
and rejecting disturbances. For example, it would be desirable
for the control strategy to avoid the characteristic double fre-
quency ripple on the dc voltage under ac unbalanced conditions.

This paper deals with the design of suitable controllers for
VSC-based HVDC systems, arising in the upcoming context de-
scribed above. A new adaptive control strategy for improving
the ride-through capability of HVDC systems, under both un-
balanced network conditions and parameter variations, is pre-
sented. The proposed scheme is based on a model reference
adaptive control plus a resonant filter, which does not rely on a
sequence component separator. This results in a controller with
an extended bandwidth, capable of accurately controlling the
reactive power exchanged with the grid and eliminating the 2w
ripple on the dc voltage.

The paper is organized as follows. A background of tech-
niques for controlling VSC and HVDC systems is developed in
Section II. In Section III the VSC-based HVDC model is pre-
sented. Then, Section IV describes the calculation of reference
currents required to eliminate the double-frequency ripple on
the dc voltage under unbalanced conditions and to control the
reactive power at the converter station terminals. In Section V
the adaptive plus resonant controller is introduced in order to ob-
tain a high-performance HVDC system during both unbalanced
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Fig. 1. Layout of the new trend in distributed generation systems.

faults and parameter uncertainties. Performance tests, discus-
sions and results are shown in Section VI. Finally, conclusions
are given in Section VII.

II. BACKGROUND

A. State of the Art on VSC Control Under Unbalanced
Conditions

In the last decade several works have addressed the problem
of controlling VSCs under unbalanced conditions. Most of them
can be classified in the following two categories:

The first approach, based on a dual sequence control (DSC)
scheme [5]-[12], independently controls the positive and
negative sequences using two reference frames rotating at
synchronous speed but in opposite directions. They are easily
tuned by means of appropriate PI controllers, because each
frame deals with separate dc signals. However, they are based
on a sequence component detector that reduces the bandwidth
of the controller.

The second category of methods tries to overcome the above
shortcoming by removing the sequence separation. This is
achieved by using proportional plus resonant (PR) controllers
[13]-[20] which allow tracking, without steady state error,
constant and sinusoidal current references, arising under unbal-
anced conditions.

Stability and performance of the above-mentioned controllers
are affected by parameter variations of the VSC components.
The parameters of the coupling reactor or transformer, such as
the inductance and resistance, filter inductors, and connection
cables are frequency dependent. Moreover, some of those pa-
rameters vary with temperature effects, core saturation, minor
internal faults or changes, aging of components, cable overload,
and other environmental conditions. For this reason, some au-
thors propose in the literature the use of adaptive controllers in
order to maintain the performance even under varying param-
eter conditions.
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For example, in [21]-[24] adaptive controllers are presented,
but unbalanced conditions are not taken into account. On the
other hand, several control strategies intended for unbalanced
conditions are presented in [5]-[10], [13]-[17], [25]-[29], but
they lack of adaptive features when VSC parameters vary. The
works presented in [18]-[20], [30] consider both an adaptive
behavior and unbalanced conditions. Nevertheless, those ap-
proaches are not designed to eliminate the double-frequency
ripple appearing on the VSC dc bus under unbalanced condi-
tions, which is an important requirement for VSC-HVDC ap-
plications, as explained below.

B. 2w-Ripple Elimination Techniques

In this paper, the VSC controller focuses specifically on
HVDC systems. For this reason, the way in which the control
strategy deals with the double-frequency ripple appearing on
the dc voltage under unbalanced conditions is very important.
In some applications the 2w ripple is maintained on purpose in
order to accomplish other objectives, for example not to inject
negative-sequence current or to achieve a balanced voltage at
the Point of Common Coupling (PCC) when an unbalanced
condition arises in the network, as in references [13], [18]-[20],
[25], [27], [29], [30]. However, in HVDC systems it is preferred
to keep a constant voltage in the dc line in spite of unbalanced
conditions on the ac side. There are four techniques for elimi-
nating the 2w oscillations of the dc voltage under unbalanced
conditions.

> The first one obtains the positive- and negative-se-
quence current references by nullifying the oscillating
active power and the reactive power at the PCC [7], [28].
The drawback of this method, when the coupling reactance
is not negligible, is that the oscillating active power is not
null at the VSC inner terminal, as required for a proper
elimination of the 2w ripple.

> The second technique cancels out the oscillating active
power and the reactive power at the converter inner ter-
minal [5]. Although the dc voltage oscillations are com-
pletely eliminated, the unity power factor condition is not
accomplished at the PCC, as desired.

> The third method eliminates the 2w oscillation on
the dc voltage and achieves a unity power factor at the
PCC, by nullifying the oscillating active power at the
converter inner terminal and the reactive power at the
PCC [8]-[10]. However, this technique needs to solve
a nonlinear equation system and the accurate reactance
value is also required.

> Finally, the fourth method shares the same benefits as the
third one but, as will be explained in Section III, by using
the converter internal voltages the reactance value is not
needed and a linear equation system is obtained in order to
calculate the positive- and negative-sequence current ref-
erences [15]-[17].

C. HVDC System Controllers

The above-mentioned strategies are intended for isolated
VSCs or STATic COMpensators (STATCOM) applications.
When the bibliography is looked specifically for HVDC-re-
lated systems, several approaches can be found considering
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Fig. 2. Data and parameters of the VSC-based HVDC transmission system.

either adaptive behavior or unbalanced conditions. In some of
them [31]-[39] neither unbalanced conditions nor an adaptive
characteristic are taken into account. In [40]-[44], an approach
capable of adapting to HVDC parameter variation is presented,
but the adaptive controller is not designed to ride through
unbalanced network conditions. On the other hand, the con-
trollers in [45]-[50] try to improve the HVDC performance
under unbalanced conditions but the adaptive behavior when
parameter variations occur is not addressed. For this reason, an
adaptive control strategy, intended to improve the ride-through
capability of HVDC systems under unbalanced network condi-
tions and parameter uncertainties, is introduced in this paper.

III. HVDC SYSTEM MODEL

The power system considered is a HVDC system in which
two VSCs are linked by a 15-km dc cable. System data and pa-
rameters are shown in Fig. 2. Both converter stations are com-
posed of three-level neutral-point-clamped (NPC) VSCs, con-
nected through step-up transformers and filter inductors to the
distribution grid. They employ insulated-gate bipolar transistors
(IGBTs) and the valve switching scheme follows a pulsewidth
modulation (PWM) pattern. The VSC model for the converter
stations in a d — g synchronous reference frame is given by [34],
(35]

1 .
—Lig = —Riq — Lwig — eq + vq, )
Qp
1 .
—Lig = —Rig + Lwiq — eq + vq, 2)
952
1 - 3 . . Vde .
@Cdcvdc = 5 (77(171(1 + 77(17/(1) — R_L — Udc 3)
where the converter internal voltages are defined as
A
€d = 7dUdc, 4)
A
€q = TlqVdc (5)

TABLE I
NOMENCLATURE

Variables and parameters

id, iq dg-axes VSC currents [pu]

Vg, Vg dg-axes network voltages (at the PCC) [pu]

€d» €q dg-axes converter internal voltages (at the converter
inner terminal) [pu]

Nd> Mg dgq control inputs of the VSC

Vde DC-link voltage [pu]

ide DC-link current [pu]

Qp Network angular frequency (27 X 50 Hz) [rad/s]

w Network angular frequency [pu]

R, L VSC coupling resistance and inductance [pu]

Ry, Equivalent resistance of the converter losses [pu]

Cle DC-link capacitance [pu]

P Instantaneous active power

q Instantaneous reactive power

Sg Apparent power at the PCC

St Apparent power at the converter inner terminal

Superscripts

+, — Positive and negative sequence

* Reference value

d Desired reference value

h Estimated value

* Conjugate

Subscripts

d, q d- and g-axis component

g VSC input magnitude

t converter inner terminal magnitude

and all states and parameters are in a per unit system on a
15-MVA base. The nomenclature adopted is described in
Table I. The instantaneous vectors of current, grid voltage, and
converter internal voltage in a d — ¢ synchronous reference
frame are defined as iqq = ¢ + jia, Vaq = vq + jvq and
edq = eq + jeq, respectively.

IV. REFERENCE CURRENT CALCULATION

This section describes how to obtain the positive- and nega-
tive-sequence reference currents under unbalanced ac network
conditions. The technique below presents as advantages: 1) ref-
erence currents are computed from a linear equation system, and



314

2) it does not need the knowledge of the coupling filter or trans-
former reactance.
The apparent power from the grid is given by [7], [10]

Sg = vabci;bm
+ jwt — —jwt\/s+ _jwt = —Jwt\*
5( dqe + que )(ldqe + que ) ’

= (pg + Pgs SIN 2w + pge €OS 2w)

+ j(qg + ggs sin 2w + gy cOS 2w)

(6)

where p, and g, are the constant active and reactive power,
whereas pgs, Dgc, Jgs and ggc are the sine and cosine 2w os-
cillation terms of the active and reactive power, respectively.
Likewise, the apparent power at the converter terminal can be
written as

St = eabci:bm
Yot Jwt — —Jwtyrs4+  Jwt s— —Jwtyx
2( dqe + edqe )(que + ldqe ) 9
= (pt + pts Sin 2w + pec €0s 2w)

+ 5(qt + qts 8in 2w + g1 cos 2w)

)

where the same definitions of constant and oscillating power
terms apply here. Expanding (6) and (7), the relations below are
obtained:

2 . .

3Po = ia v +ifvl + igvg +itvt, )
2 o .

gqg:zqu —i—z;'v;—zdvq —zj’v;', )
2

R U S

3Pts =g a Tl € T i +ige,, (10)
2 v . T

gptc = zjed + 1, edJr + z;'eq +1, e;'. (11D

In order to eliminate the 2w ripple on the dc voltage the os-
cillating active power at the converter terminal must be zeroed
(pts = pte = 0). Besides, the values of p, and ¢, must be set
to control the active and reactive power injected to the grid by
the converter station. Finally, taking into account these consid-
erations, from the linear equation system (8)—(11), the reference
currents are obtained as

s + + - - -1

iy vy vz_ vy Uy pz

x T —n— - *

(5 _ g vy Yy U, vy a (12)
1" 3| —er e; et —e 0

d q d q d

j—x - - + +

1q [ €q (< e 0

V. ADAPTIVE PLUS RESONANT CONTROLLER FOR THE HVDC
CONVERTER STATION

A. Converter Station #1 Controller

The equations modeling the dynamics of the converter cur-
rents are (1) and (2). They can be rewritten in a matrix form as

. -& 1
x=Qp [ _R x+zu (13)

where

x2 [z 2|7 =lig iy]” (14)

7
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Fig. 3. Proposed dual-channel model reference.

A
Slur u2]” = Qplve — navac  vg — Ngvac]”. (15)

u
The model reference adaptive control (MRAC) built in this
section requires that a model reference be introduced to obtain
the desired reference values and its time derivatives. As the con-
trol scheme is in a positive synchronous reference frame, both
constant and sinusoidal signals must be tracked at the same time.
For this reason, the dual-channel model reference of Fig. 3, com-
prising a first-order and a resonant filter, is adopted in this work.
From the inputs provided by (12), the desired reference values
(x%) and its time derivatives (x¢), needed in the following con-
trol stage, are obtained.
Since the relative degree of 44 and i, is one, a first-order
tracking error dynamics is chosen

e+ae=0 (16)

where the tracking error is defined as e = [e;  es] 2 x— x4,
and a4 is a design constant value. From the error dynamics (16)
and taking into account (13), the auxiliary control input can be
obtained as

u=_Qp |:—RL é:| X—{—L(f(d — ade).

A7)

Up to this point, the control law (17) would be the same as
if feedback linearization, or any other technique canceling the
coupling between d and ¢ axes, had been applied. However, as
mentioned in the introduction, changes or mismatches in the
VSC parameters can occur, in which case this kind of control
laws could see its performance very degraded, because of an im-
perfect coupling cancelation. Consequently, a control law anal-
ogous to (17) is proposed, where the estimated values of resis-
tance (R) and inductance (L) come from an adaptation law.
Therefore,

u=0Qp [—Rﬁ IL:{} x—|—ﬁ(}'{d — aqe). (18)

By expanding (18) and considering (15) the control signals for
the converter station are obtained

1 R . L
M= o= | va = Rz, — Las — o (& — ager) |, (19)
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1 . . L,
Ng = — (vq — Rxoy + Lz — @ (:Ezl — adeg)> (20)

where the following adaptation law is proposed to obtain the
estimated VSC parameters:

R = —Qp(e1z1 + eaz), (21)
f/ = -7 (93(61332 - 62171)
+er (i — ager) +ea (45 — asea)) . (22)

Details of the adaptation law derivation along with its stability
proof are included in the Appendix.

The actual driving signals for the VSC are obtained via
a pulsewidth modulator (PWM) with inputs 74 and 7, [see
(19) and (20)]. The amplitude and phase required for the
space-vector modulation (SVM) stage are calculated as

(23)
(24)

m = /n3+nZ
6 = arctan(nq, ng)-

A block diagram representing the proposed adaptive plus res-
onant nonlinear controller is shown in Fig. 4.

B. Converter Station #2 Controller

The converter station #2 controller is almost the same as the
one developed in the above subsection for the station #1. The
difference is that the active power reference pj is managed by
a dc voltage control loop. In this way, the active power of the
station #2 is used for maintaining a constant dc voltage, closing
the active power balance transmitted by the HVDC system. The
dc voltage control loop is implemented via a PI loop as follows:

Dy2 = kdep(Vac2 — vica) + Kaci / (Vde2 — Vie2)dt + pg1
(25)

where a feedforward term from the active power injected by the
converter station #1 (p,1 ) is included in order to minimize the dc
voltage variations when active power transients occur. Besides,
as in the station #1, the reactive power consumed or injected by

the station #2 (¢,2) can be independently controlled to fulfil grid
code requirements or to support ac network voltages.

VI. PERFORMANCE TESTING

This section presents the most relevant test results regarding
the assessment of the proposed control strategy. The HVDC
system, VSCs, and control strategies are implemented on real-
istic models (discrete switching devices) by using the SimPow-
erSystems blockset of MATLAB. Controller gains are set to:
aqg = 400,v =04, 7 =25 ms, Kr =1, wgp = 27 x 100,
& = 0477, kacp = 4000, and kqe; = 80 x 103. The power
system configuration and parameters used in the tests are shown
in Fig. 2.

A. Step Tracking and Adaptive Behavior Under Balanced
Conditions

The first test shows how the proposed control strategy be-
haves when tracking power steps. The ability to adapt the VSC
parameters is also confirmed by setting the initial estimates of
converter parameters to zero (i.e., no parameter information is
provided in the controller startup). In Fig. 5(a), (b), (c), and (d)
the actual (solid line) and reference (dashed line) active and re-
active powers are shown. A fast and decoupled step tracking
can be observed, except for the first step, when a small cou-
pling can be noticed as a consequence of the adaptation time
taken by the controller to estimate the actual converter parame-
ters. Fig. 5(e) shows the dc voltages in both converter stations.
As can be seen, only small deviations of the reference voltage
(v3.o) occur in the rectifier station (converter station #2), taking
into account the large power variations imposed. The difference
in v4c1 and vgc2 de voltages allows the active power to flow be-
tween converter stations. Finally, in Fig. 5(f) the actual VSC pa-
rameters and those estimated by the proposed adaptive strategy
are shown. A quick and accurate estimation is accomplished by
the proposed adaptation mechanism.

A second test is presented in order to compare the proposed
adaptive PR controller against a conventional nonadaptive PR
controller when a 20% mismatch exists between the actual and
assumed VSC coupling impedance. Fig. 6(a) and (b) show the
performance of the proposed controller when several active and
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Fig. 5. Behavior of the proposed controller when tracking power steps without
any converter parameter knowledge.

reactive power steps are introduced. Again, an accurate and de-
coupled tracking of power is accomplished. On the other hand,
in Fig. 6(c) and (d), it is observed that the conventional non-
adaptive PR controller can not completely decouple the active
and reactive powers, as parameter mismatches prevent a perfect
cancelation of the converter model coupling. This stresses the
importance of resorting to an adaptive characteristic in realistic
converter applications when high performance is required.

B. Asymmetrical Fault Test and Elimination of the DC
Voltage Ripple

In this last test, the asymmetrical fault ride-through capability
of the proposed control strategy is assessed. Three controllers
are compared, namely: i) a control scheme that, under unbal-
anced conditions, tries to cancel the negative-sequence current
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Fig. 6. Performance of the proposed adaptive controller versus a nonadap-
tive PR control scheme for a 20% mismatch between actual and assumed VSC
impedance.

rather than the 2w ripple on the dc voltage; ii) a conventional
nonadaptive PR controller which eliminates the 2w oscillations;
and iii) the proposed adaptive controller.

The performed test consists of a two-phase fault taking place
at the Sp-bus (converter station #1, see Fig. 2). In order to test
the robustness of each control strategy a 20% mismatch between
the controller and the actual converter impedance is considered.
In Fig. 7(a) the high imbalance of the S;-bus ac voltage, due
to the asymmetrical fault, is clearly seen. In Fig. 7(b) the dc
voltage regulation with the controller i) is shown. As this sort
of controller is not designed to eliminate the 2w ripple, a big
oscillation arises during the fault time. In Fig. 7(c) the perfor-
mance of the controller ii) is presented. This kind of controller
is capable of eliminating the 2w oscillations on the dc voltage,
provided the actual converter parameters are perfectly known.
When there exists some mismatch between the controller and the
actual converter parameters, a 2w ripple still remains on the dc
bus. Fig. 7(d) shows the dc voltage behavior when the proposed
adaptive controller is implemented. In this case, the dc voltage
is both well regulated and without the 2w oscillations, in spite
of the high unbalanced ac voltages and the uncertainties in the
converter parameters. Also, the absence of the 2w-ripple on the
dc-side voltage eliminates odd harmonics in the ac-side currents.

VII. CONCLUSION

A new control strategy for VSC-based HVDC systems is
presented in this paper. The proposed strategy, based on a
model reference adaptive control plus a resonant filter, achieves
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Fig. 7. Asymmetrical fault test and comparison of the 2w ripple elimination
with the proposed technique against conventional controllers.

an excellent performance of HVDC systems under both unbal-
anced network conditions and parameter variations, enhancing
the symmetrical and asymmetrical ride-through capability of
such devices. Furthermore, the proposed controller eliminates
the 2w ripple on the dc voltage during network imbalances and
accomplishes an accurate and decoupled active and reactive
power tracking capability. The resonant filter scheme, based
on a unique positive-sequence synchronous reference frame,
increases the controller bandwidth by removing the sequence
component separation from the controller stage. As discussed in
the performance testing section, the proposed adaptive scheme
yields an improved HVDC performance when contrasted with
conventional controllers.

APPENDIX

In this Appendix the stability analysis of the proposed con-
troller, taking into account the adaptation law dynamics, is
carried out. Firstly, the Lyapunov candidate function below is

considered
17e]” e
v=slo| ®le] 6)
2 |ep €p
where the parameter error vector e,, is defined as
e,2p-p=[er e ]T=[R-R L-L]" @7

and the parameter vector as p 2 [R L]¥, being P the fol-
lowing positive-definite matrix:

P20 ]

_ 28
0 [z @9

where 7 is a constant parameter of design. If the control law (17)
is used with the correct parameters, the tracking error dynamics
will be represented by (16). However, as the control law actu-
ally used is (18), with estimated parameters, the tracking error
dynamics becomes

1
é=—age+ — (QB [ R eL} X + eLd> (29)
L —€r €R
where d 2 x4 — gge.
The following adaptation law structure is proposed:
; 1
p = —sgn <Z> o (%, x%). (30)

Then, taking the time derivative of the function V, and after
some algebraic arrangement, the following is obtained:

V= [eer [(I) |%|2—1I] m

= —adeTe
eT <QB [ R BL] x + eLd> —e/l,(-)
—€], €ERr
+ T ,
= —adeTe
o Qp(e171 + e232) Tl ()
n P | Qp(e1xy — eawy) + erdy + eads P

L
3D

Note that the second term in the above equation is a non-sign-
defined term. In order to prove the tracking error stability, the
function V must be a negative or seminegative definite function
(V' < 0). Therefore, the second term of (31) is nullified by
choosing

QB(€1LE1 + 62:[72)
I.(-) = .
() Op(e1zs — eax1) + e1dy + eads (32)

Replacing (32) into (30), the proposed adaptation laws (21) and
(22) are obtained. Consequently, as mentioned above, consid-
ering (32) allows the following inequality to be verified:

V = —agele <0. (33)

This implies, from the Lyapunov stability theory, that the
tracking error will be asymptotically stable (e € ¢?), and the
parameter estimation error remaining bounded (e, € £>°).
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