THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

On the robust stability analysis of
VSC-HVDC systems

Y UJIAO SONG

Group of Automatic Control
Department of Signals and Systems
CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden 2016



On the robust stability analysis of VSC-HVDC systems
YUJIAO SONG
ISBN 978-91-7597-511-5

© YUJIAO SONG, 2016.

Doktorsavhandlingar vid Chalmers tekniska hogskola
Ny serie nr 4192
ISSN 0346-718X

Group of Automatic Control

Department of Signals and Systems
CHALMERS UNIVERSITY OF TECHNOLOGY
SE-412 96 Goteborg

Sweden

Telephone: +46 (0)31 — 772 1000

Email: yujiao@chalmers.se

Typeset by the author using KTEX.

Chalmers Reproservice
Goteborg, Sweden 2016



to my parents






Abstract

This thesis focuses on small signal stability analysis of VSC-HVDC sys-
tems, emphasizing the system stability robustness with regard to the con-
nected AC-grid and the distributed parameter DC-grid model respectively.
In addition, for strong AC-grid connected systems, analytical eigenvalue
expressions are provided to investigate the impact of physical or control pa-
rameters on the system stability for both two-terminal and multi-terminal
VSC-HVDC systems.

The VSC-HVDC system with a distributed parameter DC-cable model
can be described by two cascaded blocks. The first block is a transfer
function that will be different, due to which input and output variables that
are considered. The second block is a feedback loop, where the forward path
is a rational function and the return path is a dissipative infinite dimensional
function, that remains the same in all cases. The stability is then analyzed
using the Nyquist criterion in a straight forward manner. Examples with
different operating points Py and different SCRs of the connected AC-grids
have been studied, showing that the VSC-HVDC system with a single II-
section cable model is sufficient to evaluate system stability, independently
of the DC-cable length and impedance density.

Based on the mixed small gain and passivity theorem, this thesis pro-
vides a theoretical method to evaluate a sufficient stability condition for a
two terminal VSC-HVDC system with respect to the connected AC-grid.
The result is that, for the frequency band where the converter admittance
matrix is not passive, the negative closed loop system is stable if the loop
gain is strictly less than one. On the basis of such a theorem, the suf-
ficient stability conditions are provided, showing that at the DC-voltage
controlled converter side, the system robustness can be increased by design-
ing i"*/ = P/ | Ey instead of "/ = P"¢//E. In addition, the active power
controlled converter can be designed to have passive converter admittance
for all frequencies and thus the system is stable under all kinds of AC-grid.

Keywords: VSC-HVDC system, distributed parameter cable model, AC-
grid interaction, Nyquist stability analysis, small gain theorem, passivity
theorem, symbolic eigenvalue expressions.
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Part 1

Introductory chapters






Chapter 1

Overview

1.1 Background and motivation

Voltage source converter based high voltage direct current (VSC-HVDC)
transmission systems have now been in operation since 1997 as it is a reli-
able and flexible method of power transmission [1]. In principle, the oper-
ation of VSCs does not rely on the strength of the connected AC systems
compared with the thyristor-based line commuted converter (LCC-HVDC)
transmission technology. Furthermore, it provides independent control of
the reactive power at the two ends and independently of the active power
transfer over the DC transmission [2]. A typical application of a VSC-HVDC
system would be the integration of renewable energy resources over large
geographical areas, due to the benefits of high transmission power capacity
and low losses [3].

Stability analysis of a VSC-HVDC system is typically achieved by calcu-
lating the values of system poles, where the DC-grid is modeled by a single
II-section no matter the transmission distance [4,5]. It is often sufficient, at
least when considering dynamics of short cables and low frequencies. How-
ever, if more general results are required, for example in submarine (due to
increased impedance density) or long distance cables, it would be more ap-
propriate to use a distributed parameter cable model together with transfer
functions (or finite order state-space) in the linearized VSC-models.

Aside from performing as a reliable and controllable power transmission
between networks, in turn, the VSC-HVDC system also brings interaction
between the system components such as the converter and the AC-grid.
Current existing methods to analyze the stability of grid connected convert-
ers are impedance based analysis, where the system is characterized as a
negative feedback system of grid impedance and converter admittance [6-8].
On the contrary to the root locus and characteristic equation based stabil-
ity analysis, the impedance based stability analysis requires less detailed
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information of both converter controller and grid impedance. In addition,
it provides a general stability condition based on the Nyquist criterion.
However, in [6], only the passivity theorem is applied to analyze system
stability which is hard to achieve in the lower frequency band, especially for
the converter with positive input power.

The passivity theorem guarantees stability of a feedback interconnection
of two linear time invariant (LTI) input to output stable subsystems if, for
instance, both of the subsystems are passive, and one of them is strictly
passive [9]. Another important result in stability assessment is the small
gain theorem, where the feedback interconnection of two stable subsystems
is stable when the product of the gains of those two stable subsystems is
strictly less than one. Since there exist many situations where both the
passivity and the small gain theorems are not compatible respectively, the
idea of merging those two theorems would be potentially extremely useful.

The “mixed” small gain and passivity theorem is proposed in [10, 11].
However, the subsystems are required to be causal, input and output strict-
ly passive over the frequency band that the small gain theorem does not
hold. The requirement of a system to be input and output strictly passive,
especially in the high frequency band, is severe and no strictly proper sys-
tem satisfies this demand for all frequencies [12]. Therefore, it is important
to give a less conservative condition regarding the passivity and thus fur-
ther suited to analyze the stability of a two-terminal VSC-HVDC system
embedded in weak AC-grids.

Poorly-damped resonances between converter stations and DC-cables
can as well appear both in two-terminal and multi-terminal VSC-HVDC
systems [13,14]. Such problems are typically approached by using numerical
analysis to determine the actual values of the system’s poles [15]. Howev-
er, acquiring analytical expressions for these poles has the benefit of better
understanding which selected parameters of the system can affect the fre-
quency and damping characteristics of its eigenvalues. Hence, it is valuable
if such symbolic descriptions can be obtained for a poorly-damped VSC-
HVDC link, highlighting the relationship between the system parameters
and its poorly-damped poles.

1.2 Main contribution of the thesis

The purpose of this thesis is to study the robust stability of VSC-HVDC sys-
tem with respect to different DC-cable models and the connected AC-grid
dynamics. In addition, the poorly-damped conditions caused by the inter-
action of converter and DC-grid is studied by the approximated symbolic
eigenvalues. To the best of the author’s knowledge, the main contributions
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of this thesis are the following:

1. A mathematical model for small-signal stability analysis of a two
terminal VSC-HVDC system with a distributed parameter DC-cable
model has been presented. Due to the symmetric properties of the ca-
ble model, the block diagram of each input output combination could
be described by a transfer function go(s) cascaded with a feedback loop
91(5)/(1+ g1(s)h1(s)), where go(s) is stable with reasonable design of
the DC voltage Pl-controller and the forward path of the feedback
loop, ¢1(s), is a rational function of ‘s’ and the return path hi(s)
is dissipative of infinite order. Using this approach, the small-signal
stability has been analyzed by use of the Nyquist criterion.

2. The stability analysis of two terminal VSC-HVDC systems embedded
in weak AC-grids can be separated into two parts: the active power
controlled VSC and the VSC-HVDC system while the active power
controlled VSC is under steady state. On the basis of the “mixed”
small gain and passivity theorem, a theoretical method to evaluate a
sufficient stability condition for such two terminal VSC-HVDC sys-
tems with respect to the AC-grid weakness has been provided.

3. Symbolic approximative eigenvalue expressions have been proposed,
which help to characterize poorly-damped conditions that may appear
on the DC-side of a two-terminal VSC-HVDC system, while the inter-
action with the AC-side is neglected considering the presence of strong
AC-grids. In addition, by applying a symbolic-isolation method, the
order of a multi-terminal VSC-HVDC system can be reduced to an
equivalent two-terminal VSC-HVDC system, which enables the pro-
posed method to be applied.

1.3 Thesis outline

The remaining chapters of this thesis are organized as follows:

Chapter 2 describes the VSC-HVDC system topology, the controllers of
VSC, the AC- as well as the DC-grid dynamics, which all in all pro-
vides a theoretical base for the VSC-HVDC system stability analysis.

Chapter 3 shows the block diagram of the constructed VSC-HVDC sys-
tem dynamics, which has the form of a forward combination of trans-
fer functions cascaded by a feedback system. Numerical analysis of
VSC-HVDC systems with a distributed parameter DC-cable model
embedded in both strong and weak AC-environment are studied.
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Chapter 4 presents a modification of the “mixed” small gain and passivity
theorem. In addition, the modified theorem is applied to evaluate a
sufficient stability condition for a two terminal VSC-HVDC system
with respect to the connected AC-grid weakness.

Chapter 5 provides the simplified 4th order state space model of a strong
AC-grid connected two-terminal VSC-HVDC system and its symbol-
ically approximative eigenvalues, which can directly demonstrate the
impact of physical or control parameters on the system stability. Fur-
thermore, on account of a symbolic-isolation method, the result is
applied to multi-terminal VSC-HVDC systems as well.

Chapter 6 gives brief summaries of the included papers.



Chapter 2
VSC-HVDC system

The intention of this chapter is to provide the reader with a VSC-HVDC
transmission scheme and the main control technologies applied to the VSC.
Following to that, the most important elements of a VSC is presented.
Then, the principles of the inner current control loop, the active power and
DC voltage control loops, the reactive power and AC-voltage control loops,
and the phase locked loop (PLL) are described in some detail. Finally, the
DC-cable model and the AC-grid dynamics are presented.

2.1 Introduction

The system under study is depicted in Fig. 1. The source voltage, the
point of common coupling (PCC) voltage, the converter voltage and the
converter input current are denoted by vy, E, v. and 7 respectively. Weak
AC-grids are modeled by the impedance matrices Zi(s) and Zs(s) at the
synchronous frame respectively. The so-called synchronous frame is oriented
to be in alignment with the voltage direction, due to the PLL [16]. The PLL
dynamics will be considered to build converter grid interconnection.

reactor

AC DC voltage ontrolled
| _ _Network I, L__yvscr.

Figure 2.1: Standard HVDC-VSC system embedded in a weak AC-

environment.

At the AC-side of the VSCs, the series inductances (L, Lo) and resis-
tances (Ry, Ry) represent the AC phase reactors and (indirectly) the power
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losses in the converters as well. The phase reactors serve the function both
of stabilizing the AC current and to enable the control of active and reac-
tive output power from the VSC separately. The DC shunt capacitors at
the terminals are denoted by C4, Cy respectively, which serve the purpose
of stabilizing the DC voltage and to reduce the ripple introduced by the
harmonics injected by the VSC [2].

In standard VSC-HVDC systems, one converter station (VSC1) is as-
signed the duty as the DC voltage controller to secure the stability of the
DC-Bus voltage; the other station (VSC2) operates as the active power
controller to guarantee and balance the power exchanges [17]. Moreover, in
each VSC, it is possible to control the grid voltage at the AC-side, which in
this thesis is further discussed.

If the DC-cable is modeled by a single II-section, the stability of the
system can be investigated by an eigenvalue calculation. However, the high
frequency information is not necessarily well interpreted by the single II-
section cable model and thus potentially inconvenient to analyze the real
dynamic influence of the DC-cable. Consequently, the VSC-HVDC system
using a distributed parameter cable model is formulated as well.

The strength of the connected AC-grid relative to the power rating of
the HVDC link is described by the value of short circuit ratio (SCR). SCR
is calculated as the value of AC-grid admittance at fundamental frequency
[18]. In this thesis, the connected AC-grid will be modeled as series R,L,-
circuits.

2.2 VSC control system

In this subsection, the VSC model is derived in the so-called power invariant
dq reference frame [19], where the frame is chosen to be in align with the
PCC voltage direction and thus the steady state of the ¢-axis converter
measured PCC voltage is zero i.e. E.p0 = Eeg20 = 0. The two VSCs are
assumed to be ideal and symmetrical, having a switching frequency around
1 [kHz]. In the following, the units for voltage, current and active power are
[kV], [kA] and [MW] respectively and all reference signals x are expressed
as 2"¢ , the differential operator with respect to time is denoted ‘p’ and the
Laplace transform of a time domain variable x(t) is denoted Z(s).

The AC-grid frequency is assumed to be constant i.e. wy = 27 f, and
fo = 50 [Hz|. Since the VSCs are assumed symmetric, the variables and
parameters in this subsection are not subscribed by the numbers 1 and 2,
used to denote the different VSCs.

The local controller of the VSC is separated into two cascaded parts:
inner current controller and outer controller. The inner current controller is
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to speed up the current dynamics and provides the voltage reference (vzsf

and v/¢/) to the pulse width modulator (PWM). The d-axis outer controller
is used to track the reference of either the DC voltage or the active power
and generates the d-axis current reference (i;ef ) to the inner current loop;
The g-axis outer controller is used to decrease the voltage drop of the PCC
voltage [20] and it therefore generates a reference for the g-axis current

(i)

2.2.1 Vector current control method

The principle of the VSC controller is to control the magnitude and phase
of the fundamental frequency component of the AC voltage at the valve side
of the series inductive interface (v.), in such a way that the converter input
current (i) through the phase reactor has the desired phase and magnitude
as well. With the vector control method, three phase currents are trans-
formed to d- and g¢-axis quantities based on the Park transformation [19].
Similarly, the desired current d- and g-quantities can be calculated by the
desired current magnitude and phase in the three phase system. Since the
dg-frame is chosen to be in align with the PCC voltage, the active pow-
er P/ and the reactive power Q"¢ are thus determined by i.; and leg
separately [2].

Applying the voltage Kirchhoff law to the phase reactor at the AC-side
of the VSC:

L-

d’abc
jit ——R. Z»abc + Eabc o ,Uézbc (21)

where the relation between the abc (three phase) and dg reference frames
is given by Park’s transformation:

% = P 2400 (2.2)
cos(wt)  cos(wt —2F)  cos(wt + &)
P= 3| - sin(wt) —sin(wt — 2F)  —sin(wt + 27)
1 1 1
2 2 2

Applying the Park transformation to eq.(2.1), the dg-frame model of
current dynamics is obtained:

di. . .

L- étd = —R g +woL - icg+ Ecqg — Veq (2.3)
di,. . .

L- # = —Rigg— woL - igg + By — eq (2.4)

The current control signal consists of a feedback signal from a PI-
controller and two feed-forward signals, i.e. the filtered PCC voltage and
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the cross coupling current [21]. The reference voltages (v/5, vrel) are given
by:
~re kl “re ~ af = <
oref = —(k, + —) (i T ) + prs afEcd + woL - Teg (2.5)
~T,ef__(k _I_ki)(N-ref_N' )—I— CLf E~, _ L‘~. (26)
g =~k + ) (1 leg) oy Den wWoL + teg :

Due to the switching action of PWM inside the converter, a delay of half
a switching period appears, where Ty, = 1/(2fs,) = 0.5 [ms]. After having
designed the inner current loop relatively slow, the delay is reasonable to
ignore in the analysis of system dynamics i.e. vzjf A Veg and U & gy [6].
Consequently, the dynamics between the d- and ¢-axis is decoupled at the
inner current loop.

The Pl-parameters are designed as k, = a.L and k; = a.RR, where a, is
the design bandwidth of the inner current loop. Hence the phase reactor
pole of —R/L is thus canceled by the inner current PI-controller. Note that
the unavoidable uncertainties, AL and AR in the AC-side model parame-
ters, L and R, are assumed to be quite small (JAL|/L < 1, etc). Hence,
these uncertainties will have only a minor impact on the inner current loop
performance. In addition, since the outer loop design bandwidth is usu-
ally designed to be at least ten times smaller than a., the effect caused
by the inner loop parameter uncertainty does not influence the entire sys-
tem dynamics significantly. Therefore, the design of the inner current loop
Pl-controller based on model parameters is well justified.

Consequently, the linearized inner current closed loop in the Laplace
domain is given by:

2

~ . Qe ~ref S ~
Bica(s) = S+ ac Big~(s) + (Ls+ R)(s +a.)(s + ay) AEua
= gc(s)Aggef(s) + 4i(8)AE, 4 (2.7)

Nigg(5) = ge(s)At; (5) + yi(5) AEy

Note that the low pass filter (LPF) of the feed-forward PCC voltage is
used to filter out the high frequency resonance at the AC-side. Therefore,
when strong AC-grid is considered, the bandwidth a; can be designed to be
large and thus y;(s) =~ 0.

2.2.2 Direct voltage controller

The DC voltage is determined by the capacitor charging power that is the
difference between the input active power to the VSC (assuming that the
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VSC in itself is power lossless) and the DC load power:
d 1

&(50 . Uﬁc) = P - Pload (29)

The corresponding linearized power balance close to the operating point is:
dAuvg,

= Vo ?“d = AP — AP (2.10)

Therefore, the linearized expression of the input active power and the
DC load power are required, where the complex conjugate value of x is
denoted by x*:

P = Re{(Eo + AEcq + jAEq) (iao + Aiea + j(igo + Aigy))*}
~ Eoido + E()Aicd + idOAVEcd + iquEcg (211)
Po AP
F)load = (UdCO + Avdc)(idco + Aitic)
~ ,UdCOZ.dCO + UchAidc + idCOAde (212)
~—— -~

v
Pioado APad

Equation (2.11) shows that AP is proportional to Ai.; and independent
of Ai.,. Therefore, the output of the DC voltage controller i.e. the d-
axis reference current, can be provided through the reference input active
power. The reference input active power is the sum of the output from a PI-
controller operating on the error of the DC voltage square and the filtered
feed forward DC load power (with bandwidth ag):

Kiq Qgf
Pl = (kpy+ -2) v + Piou 2.13
(Kpd p>yp+adfld (2.13)
refy2 _ .2
v = w (2.14)
AP = 0400 Fy(s) (AT — Abge) + Fp(5)APgaq (2.15)
Kiq Qgf
a(s) = kpa + S an 7(s) St ag

Traditionally, the reference current is designed as [3]:

il = Py (s) - Eo) and Fo(s) = - ifaf (2.16)
A = Laprer Z g ag 2.17
W =5 - v(s)gg d (2.17)

As seen from eq.(2.17), a negative admittance —Py/EZ appears for the
positive input power, relating changes in the measured PCC voltage to the
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changes in the d-axis reference current. This may deteriorate the stability
of the interconnected converter and AC-grid system. Thus, we propose
that the d-axis reference current is designed as below, hence removing the
negative admittance:

il = Pl | By (2.18)

AT = AP B, (2.19)

After ignoring both the LPF in eq.(2.15) and the inner current loop

dynamics i.e. Aigg = Az'gef , designing the PI-controller parameters as kpq =

2CCwypg and kiy = Cw?,, the transfer function from Af):lif to Ay, is:
Avg. QCwnng—i‘de%

sref ¢ 2 C
Avdc 52 + 2C(A)nd68 + Wnd6

(2.20)

C is the estimated DC shunt capacitance and C' is the actual physical
shunt capacitance. The damping ratio ¢ and natural frequency w,q are

amplified by \/C /C' compared to the designed parameters. Since the phys-
ical shunt capacitance C' contains an impact from the DC-cable distributed
shunt capacitance, and is assumed to be a bit larger than C ; then ¢ and wyq
should be a bit higher than the designed value in order to compensate for
the error. In this thesis, the influence of such parameter uncertainty of C'is
not considered. ¢ and w,q are chosen to be 1 and 0.4a4, which guarantees
that the DC voltage loop bandwidth of eq.(2.20) is a,.

2.2.3 Active power controller

For the outer controller of transmitted active power, again a PI-controller
is used. The controller parameters are designed by inner current loop pole
cancelation i.e. k,, = a,/a., ki, = a,. The bandwidth of the outer loop is
chosen as a, = 0.2a4. Therefore, the DC voltage would not display large
oscillations during the variations of transmitted active power. The linearized
differential equations (where E. = Ey) of the active power control loop are
derived as follows:

.re ki re
il = (kyp + ?”)(P I P)/E, (2.21)
- 1 k; - -

= Al = 7o Ui+ =F)(AP™ = AP) (2.22)

2.2.4 Reactive power and AC voltage controller

The idea of the AC voltage or reactive power controller is to compensate
for the AC voltage drop i.e. to increase the reactive power at PCC when

10
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the AC voltage is lower than the reference PCC voltage [20]. In this thesis,
both the d- and g-axis PCC voltages are regulated by the g-axis current
and Ai;ef is expressed as:

Ni = Kaals) - (A" = ABg) + Kogls) - (AB” — AE,,)
= Koa(s) - (AE™ — AE,) — Koy(s) - AE,, (2.23)

The design of the controllers K,4(s) and K,,(s) will be further discussed
in Chapter 3 and 4.

2.2.5 Phase Locked Loop

Phase locked loop is applied to track the rotating phase angle 67/, which is
used for transforming the converter dg-frame from the stationary af-frame.
At steady state, the converter dg-frame coincides with the grid dg-frame.
E,, E and E, are the PCC voltages in the af-frame, grid dg-frame and
converter dg-frame respectively. 07/ and 6 are the grid phase angle and
converter phase angle (tracked through PLL).

At steady state, § = 67/, The frame transformation gives: E, = ¢/’ E
and E, = ¢/E,. Introducing Af = 0 — 6"/, obviously E,. is expressed as
E, = 18E.

Since the phase angle and the AC frequency cannot be measured direct-
ly, the measured sinusoidal PCC voltage is used to track the phase angle
together with one Pl-controller (F;(s) = kppu + ki'sp” ). The block diagram
of the nonlinear PLL is shown at Fig. 2.2. At steady state, A6 = 0 and
the imaginary part (g-axis) of the PCC voltage in the converter dg-frame
is zero as well, i.e. at steady state, B, = Fy. The linearized equations are
given as follows, where e 74% ~ 1 — j - Af if |Af] < ¢, where ¢ is small.

E, = E-¢e7x~(Ey+AE)-(1—j-Af)
~ FEy+ AE—jEy-Af (2.24)

Aw = (kp,pll + M) . Im{EC} = Fpll(p) . (Im{AE} - E() . Aé’) (225)
p
dAd d(6 — 7<)

= :w_wT’ef

dt dt
= wo+ Fu(p) - Im{AE} — Ey - A) — W™/ (2.26)

If wref = wy, a P-controller is enough to reach zero steady state error,
which implies that the integral action of the Pl-controller is used to com-
pensate for the grid frequency approximation. In this thesis, we assume
that w™/ = wy and design kipu =0, kppu = apu/Eo. The transfer function
from Im{AFE} to A6 is given as follows, where the bandwidth of the PLL,

11
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wo
— W0 B — i E.| -sin(A# : ,L w
Es € % c € Tm{} | | ( ) kp,pll_'_ kz::ll Aw ®

Pl controller

1

s

e

Figure 2.2: Model of Phase Locked Loop.

apy, should satisfy: a,; < 0.la., where a. is the bandwidth of the inner
current loop [22].

A E
_ A Gouls) = apu/ Eo (2.27)
Im{AE} S+ Qpu

As discussed above, at steady state, the converter dg-frame coincides
with the grid dg-frame, i.e. E.g = Ey and i, = i9. Besides, E, = e 72F
and i = /2%, After considering the transfer function Gy(s) and the
approximation e 7% ~ 1 — j - Af, the linearized relations are given as
follows:

AE, = AE—jEy- A =AE — jEy-Gu(p) - In{AE}  (2.28)

In the Laplace form, the relations are given as follows. Note that the
variable z in dg-frame is a complex number and can be expressed as r =
xq + j - x4, where the subscriptions d, ¢ represent the real and imaginary
part respectively:

AE,, = AE, (2.30)
AE., = (1—EyGu(s))-AE, (2.31)
Aig = Aicd—zgap”(s)~AEq=A%cd+%Gp”(s)~AEq (2.32)

0
Niy = Nig +ilGu(s) - AE, :Agcd—i-%Gp”(s)~AEq (2.33)

0
The equilibriums of the PLL are Aw = 0 and Af = k7 (k is odd implies
unstable equilibrium and k is even implies stable equilibrium), thus the
initial value of Af should be bounded within [—7, x| in order to reach
equilibrium Aw = 0 and Af = 0. For the strong AC-grid case, the PLL

dynamics is ignored, which implies Gy (s) ~ 1/ Ej.

12
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2.3 AC-grid model

The AC-grid model is not unique. In this thesis, the AC-grid is modeled by
the series R,L,-circuit. The strength of the AC-grid is represented by the
short circuit ratio (SCR), which is the ratio between short circuit power and
rated power. If the base power unit is set as the rated power, SCR =1/Z,
where Z, is the AC-grid impedance in per unit [23].

For the series connected AC-grid, since the transmission line typically
has a Q-value (wL,/R,) that exceeds 10, the grid resistance R, can be ig-
nored when calculating SCR, i.e. SCR ~ 1/(wL,) where wL, is the grid
reactance in per unit. For a strong grid, L, is ignored, implying that SCR
approaches infinity. The least SCR value which has been practically expe-
rienced by the end of year 2004 is 1.3 [2]. There is no particular limit on
SCR, however, as the transmittable maximum active power is limited by a
smaller SCR [24].

The dynamics of the series R,L,-circuit modeled in the synchronous
dg-frame is:

Abyg — AEy = (Lys + Ry)Aig — wolLyAi, (2.34)
A'Z}sq - AE~Iq = WOLgA%d + (Lgs + Rg)qu (235)

2.4 DC-grid model

2.4.1 Distributed parameter DC-cable model

The conventional method of approximating a transmission line is to replace
the line by cascaded lumped RLCG-sections, which is shown in Fig. 2.3.
The terminal voltage and current are represented by vger, Vie2, tge1 and
tae2- The cable parameters are given by 7., l., ¢., g. and d, which are
the cable densities of resistance, inductance, capacitance, conductance, and
cable length.

lae1(t)=ia(0,1) ige(X,t) ige(X+Ax, 1) lge2(t)=1ac(d,t)
— _ | — —
[ : : Cable ]
Vaci(t)=vac(0,t) Vae(x,1) : : Va(x+AX, 1) Vac2(t)=vac(d,t)
rAXx lCAxA

RLGC-section
gCA% —|—I cAx

Figure 2.3: DC-cable model: gy = i4.(0,t) and igeo = —ige(d, t).

13
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Define the current from the AC- to the DC-side as a positive current.
At arbitrary distance ‘z’ from terminal 1, the voltage vg. and current ig,.
obey the following two equations:

8idc(x, t)
ot
Ouvge(w + Aw, )

'Udc(x + Al’,t) = Udc(x>t) - Tch ' Z.clc(:mt) - chz '

Qge(x + Az, t) = dge(x,t) — g AT - vge(x + Az, t) — c.Ax

ot
Vae(T + Az, t) — vge(x,t) . Dige(x, 1)
Ax = —Tc ’de(l', t) lc ot (236)
ide(T + A, t) —ige(z,t) Ovge(T + Az, t)
Azx = —9c Udc(x + A[L’, t) Ce ot
(2.37)
As Az — 0, there are:
- Vae(x + Az, t) —vge(z,t)  Ovge(z,1)
Alggo Ax - Or (2.38)
. idc(l’ + A[L’, t) - idc(ZL’, t) o (‘%dc(x, t)
Alu}cril() Ax - Ox (2.39)
. Ovge(w + Ax,t)  Ovge(z,t)
i, P < S 210
Alim0 Vae(z + Az, t) = v4e(2, 1) (2.41)

With infinitely small distance Az, by eq.(2.38 - 2.41), eq.(2.36, 2.37)
can be rewritten as follows:

8de (LL’, t) i 8’idc(l’, t) o
—y 1T ide(,t) 4+ 1 - o 0
aidc (SL’, t) 8’0[16(1’, t) o
a0 + ge - Vge(x,t) + ¢ - a0 = 0

Taking Laplace transforms of each term in the above equations, gives:

d’[]dc(l’, 8)

KT + (re 4+ 1o+ 8) - dge(2,8) = 0 (2.42)
% + (ge + o+ 8) - Vge(w,8) =0 (2.43)

Differentiate each term in eq.(2.42) with respect to 2 and replace dig,/dz
by use of eq.(2.43). The Laplace transformed version of the damped wave
equation is then obtained:

d®0ge(z, 5)

w2 (re+1e-5)(ge + Ce+ 8) - Vge(x,5) =0 (2.44)

14
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Introducing v(s) and Yy(s), the characteristic wave complex damping
factor and the characteristic wave admittance for the transmission line,
respectively. They are defined by:

Yo(s) =4/ % (2.45)
7(S> =d- \/(Cc - S+ gc)(lc -8+ Tc) (246>

Letting A(s), B(s) be constants of integration, the solutions of eq.(2.42)
and eq.(2.43) are given as:

Vac(x, s) = A(s) cosh(y(s) - ) + B(s) sinh(y(s) - x) (2.47)
. B 1 dvge(z, s)
ch(l', 3) - = (Tc + lc : S) dz
e (AEsinh(2(5) ) + Bs)y () osh(3(s) - )
(2.48)
A(s) and B(s) are then determined by the boundary conditions:
04c(0, 8) = Vge1(s) = A(s)
= A(s) = Uge1(8) (2.49)
Vae(d, 8) = Vgea(s) = A(s) cosh(vy(s) - d) + B(s) sinh(7y(s) - d)
= B(s) = —coth(y(s) - d) « Dge1(s) + !

— Ve 2.50
Sy () ) ) (250)

With the relations of chl(s) = %dC(O, s) and Zdﬁ(s) = —%dc(d, s), the
terminal voltage and current satisfying the following relations, where I'(s) =
d-~(s):

i1 (s) = Yy(s) coth(T(s)) -Tger (s) — Y{)(s)m Vae2(8) (2.51)
b hl‘(,s) i h;(rs) g
Gae2(s) = —Yo(s)m - Vge1(8) + Yo(s) coth(I'(s)) - Ugea(s)  (2.52)

Equivalently, the relation between the terminal terms can be written in
the matrix form as:

<§dcl(5)) _ ( ha(s) —h2(8)) _ (%1(8)) (2.53)
idea(8) —ha(s)  ha(s) Ude2(5) '

It is worth to be mentioned that hi(s) — h3(s) = Y{(s) = §=52, where
hi(s) and hs(s) are the short cut admittances at each side.

15
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2.4.2 Single II-section DC-cable model
The single II-section DC-cable model is depicted in Fig. 2.4.

Licl Lac2
Vicl o~ Vac2
1 R L 1

Cdc — dc dc —— Cdc

Figure 2.4: Single II-section DC-cable model: Cy. = d-¢./2, Lqg. = d -1, and
Rdc =d- Te.

Similarly, the relation between the terminal voltages and currents can
be written in the matrix form as:

gdcl(s o hwl(s) _h7T2(S) . {}dcl(s)
<5d02(s)) = (-hﬂ(s) o (5) ) (@dcg(s)) (2:54)
where, hq1(s) = ces-d/24+1/(les +1e)/d
hro(s) =1/(l.s+1.)/d

16



Chapter 3

Nyquist stability analysis of
system with a distributed
parameter DC-cable model

In this chapter, the two terminal VSC-HVDC system embedded in strong
or weak AC-environments is considered and transformed into the block di-
agram in Fig. 3.

go(s) “0 91(s)

Input utput

Figure 3.1: Block diagram of a VSC-HVDC system with a distributed pa-
rameter DC-cable model: ¢q is the forward transfer function, gh, is the
open loop function of the feedback loop ¢1/(1 + g1hy).

The first block, go(s), is a transfer function that will differ depending on
what input and output variables are considered, but which is in all realistic
cases stable. The second block, ¢1(s)/(1 + g1(s)hi(s)), is a feedback loop
where the forward path, g¢;(s), is a rational function and the return path,
hi(s), is a dissipative infinite dimensional function, remaining the same in
all cases. The stability is then analyzed, using the Nyquist criterion, in
a straightforward manner. Numerical examples are as well given in this
section. The physical and control parameters used for simulation are listed
in Tab. 1 and Tab. 1.
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Table 3.1: Bandwidth design of VSC-HVDC system

Inner current loop a. | 4p.u. | 4007 [rad/s]

Active power outer loop | a, | 0.1p.u. | 107 [rad/s

[rad/s]
DC voltage outer loop ag | 0.4p.u. | 407 [rad/s]
PLL loop apy | 0.4p.u. | 407 [rad/s|
[rad/s]
[rad/s]

LPF of AC voltage ar | 0.4p.u. | 407 [rad/s
LPF of DC load power | a4 | 0.4p.u. | 407 [rad/s

Table 3.2: Parameter of VSC-HVDC system

Cable distance d 50 km
Cable inductance density l. | 0.189 | mH/km
Cable capacitance density c. | 0.207 | pF/km
Cable resistance density re |0.0376 | Q/km
Cable conductance density Je 0 S/km
Phase reactor inductance L 53 mH
Phase reactor resistance R | 0.167 | Q

DC shunt capacitor (7, = 2.5 ms) | C 33 uF
Rated AC voltage (dg-frame) Vego | 200 | kV
Rated DC voltage Vaeo | 300 | kV
Rated transmission power By 600 | MW
System frequency fo 50 Hz
Weak AC-grid inductance L, 53.1 | mH
Weak AC-grid resistance R, 1.11 | Q

3.1 Block diagram

In this thesis, the converter (VSC) comprising the switching valves is sur-
rounded by the phase reactor at the AC-side and the shunt capacitor at the
DC-side. Therefore, there are five input signals at each converter for small
signal stability analysis, i.e. the AC source voltage (in the dg-frame) Avgy
and Av,,, the d-axis reference signal AP™/ or Av;ff , the g-axis reference
signal AE™/ and one internal input signal Aig. (perform as a state variable
for the entire VSC-HVDC system).

When the converter is embedded in strong AC-grid, it is not necessary

to control the AC voltage and thus reasonable to assume that both Auv,,

18
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and AE" are zero. There are three input signals for each converter i.e. the
d-axis AC source voltage Avgg, the d-axis reference signal AP or Av/

and one internal input signal Aig.

3.1.1 Weak AC-grid environment

As discussed in subsection 2.1, in two-terminal VSC-HVDC systems, one
converter station (VSC1) is assigned the duty as DC voltage controller with
input signal Av;g and the other station (VSC2) operates as the active
power controller with input signal AP /. Choose the DC voltage as the
converter system output. The preliminary transfer functions from those five
inputs to the DC voltages are given by:

Aﬁdcl :gn(s)Aﬁgi{ —+ glg(S)AEIef + glg(S)A@sdl + g14(s)A175q1+

+ g15(5) Alger (3.1)
Ages =gzl(s)Af’£ef + 922($)AE§ef + 923(5) AUgg + goa(5) Abgga+
-+ 925(8)A%d62 (32)

where, the transfer functions g¢;;(s) can be calculated through the state
space model given by eq.(3.18) in section 3.2.2.

Combining the relationship between the DC terminal currents and volt-
ages given by eq.(2.53), the two-terminal VSC-HVDC system transfer func-
tion matrix is readily obtained from:

Als) [ﬁiﬁj — B(s) +u (3.3)

1 — g5 g15h2
A_ p—
(5) { gasha I gzshl]

g1 g12 0 0 g13 gu O O }
d(s) =
(s) { 0 0 g1 g2 0 0 goz gu

where, u” = [AT AE APy AEYT Aty Aty Aaaz Alyg]. The
MIMO transfer function from inputs to outputs is given as follows, where
adj(A) denotes the adjoint matrix of A:

Aoy “1 :
Vdel | _ A=1gp . gy — dj(A)® -
|:Al)d02:| YT det A" JA) -
_ 9152+g25 1
- 14+Y5" 915925 - G(S) U (3 4)
= - .
— EE gt

~ g Forward function go
Feedback loop ﬁ
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G(s) = adj(A)® (3.5)
_ g11(1 — gash1) g12(1 — gash1)  —g21G15he —g22915N2
—911925h2 —912925h2 921(1 - 915h1) 922(1 - 925h1)
913(1 - 925h1) 914(1 - 925h1) —923915h2 —924915h2
—g13925h2 —g14g25hs gas(1 — gash1)  goa(1 — goshq)

The feedback loop g1/(1 + g1h1) remains the same for all combinations
of input and output signals. Since the DC-cable system is dissipative, all
poles of h; have negative real part and are thus stable. The number of
unstable poles of the open loop function of the feedback system, g,hy, is
then determined by the rational function g;. Consequently, the Nyquist
stability criterion can be applied to analyze the feedback system stability.

The forward path function gq is one element of —G/(g15 + go5), which
varies with different input and output signals. Since gg will always be a
linear non-feedback combination of rational functions and of hy or hy (hy
and hy have stable poles), the stability of gq is determined by a limited
number of poles.

Consequently, by transformation into the block diagram in Fig. 3, the
VSC-HVDC system stability can be analyzed by the above criteria.

3.1.2 Strong AC-grid environment

While the connected AC-grids are well balanced and strong i.e. the nom-
inal AC-grid voltage is as most subject to small variations, and hence the
dynamics of the PLL is ignored. In addition, since the g-axis current has no
impact on the dynamics at the DC-side (due to d- and g-dynamics decou-
pling at the inner current loop), the g-axis reference current signal, Aigef ,
is thus assumed to be zero.

As before, choose the DC voltage as the converter output, the prelimi-
nary transfer functions from the remaining three inputs to its DC terminal
voltage are given by:

AUy = @11(8)A52§{ + 13(8) ADgar + G15(8) Adger (3.6)
AV = §21(8)Apzref + ggg(S)Af)sdg + 925(S)Agd62 (3.7)

where, the corresponding transfer functions of the strong AC-grid case are
denoted by gi;, i+ = 1,2, 7 = 1,3,5. Combining the DC-grid dynamics
eq.(2.53), the transfer functions from inputs a7 = | 1722{ AP, S Ao AN
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to [Alge Algeo]? are:

AG — Q154925 1
Vdc1 14+Y5 915 G25 - A N
[N ] - DI G(y) s (3.8)
v — 91577925 |
de2 1+YZ415925 1 g15 T 925
-
v Forward function go

Feedback loop lﬁllﬁ

Gs) = F]M(l ~Gshi)  —gmbishe Gl =) —Oniisho
—g11gashe Go1(1 — gushy)  —d1sGashe Gas(1 — Gasha)

For both weak and strong AC-environment, the transfer functions of a
two-terminal VSC-HVDC system, using a distributed parameter DC-cable
model, can always be written into the form gq - g1 /(1 + g1h1). The forward
function gq is determined by the choice of input and output signal, while
the feedback loop is invariant of this choice. Using this approach, the small-
signal stability of the infinite dimensional system can in principle always be
analyzed by the Nyquist criterion.

3.2 Stability analysis

In order to guarantee the stability of the entire system, both the feedback
loop and the outer forward path should be stable. Even though the forward
path transfer function go(s) is determined by an input-output combination,
it will always be a linear non-feedback combination of rational functions
and of hy or hy. Thus, the stability of gy is determined by the sign of the
real parts of a limited number of poles. The stability of the feedback loop
is analyzed by use of the Nyquist stability criterion.

Assuming that the closed path C enclosing all of the right half complex
s-plane has the clockwise positive direction, we can apply the Nyquist crite-
rion: The number of anti-clockwise encirclements around the point -1 in the
g1(8)h1(s)-plane should, for a stable closed loop system, equal the number
of open loop unstable poles of ¢1(s), as hy(s) is already an input to output
stable function [25].

For the active power controlled converter (VSC2), the transfer function
g25(8) from Adges to Avges is the same as the converter connected to a strong
AC-grid (i.e. g25(s) = ga5(s)). Therefore, the feedback loop stability is not
influenced by the weak AC-grid dynamics at the active power controlled
converter. Similarly, the stability of the active power controlled converter
could be analyzed without considering the DC-side influence. Consequently,
the stability analysis of two terminal VSC-HVDC systems embedded in a
weak AC-grid can be separated into two parts: the active power controlled
converter and the VSC-HVDC system while the active power controlled
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converter is under steady state. The stability of the first part is further
discussed in chapter 4 and the second part is analyzed in this subsection .

3.2.1 VSC-HVDC system connected with a strong AC-
grid

For a VSC-HVDC system embedded in strong AC-grid, the preliminary

transfer functions from the input signals @7 = [Aﬁgi{ APy ' A ADggo]

to the DC voltages Avge; and Avge are given by eq.(3.8) and the preliminary

transfer functions are given as follows, where both ay and a4 are assumed

to be infinity (i.e. there is no LPF for both the DC load power and the AC
voltage) and the d-axis reference current is designed as eq.(2.17):

acwnqC1(2¢s + wna)

- . 3.9
o C18%(s + ac) + acwnaCh (205 + wpa) + 210 52 (39)
= Pyo 82
~ — 10Vdc10 i 310
13 C18%(s + ac) + acwnaCh(2¢s + wpq) + :}‘;c—llgs? ( )
2

S . 3.11

15 C15%(s + a¢) + acwnaCh(2¢s + wpq) + %52 ( )

. ap

go1 = - 3.12
21T (Cavaeans + iaean) (s + a) (312)

%s

fios = 20 3.13
2 (Cavacans + iaean) (s + a) (3.13)

o = — 2O (3.14)

CaVdc20S + %de20

For each single input single output system, the forward path function g
is one element of —G /(15 + §25). From eq.(3.9) to eq.(3.14), it shows that
J11, 013, 015 have similar pole polynomial and similarly for g.1, go3 and §os
except one stable pole —a,. In addition, h; and hy are stable. The stability
of the forward path depends on the zero polynomial Q3(s) of gi5 + Gos:

Qs(s) = (C} + Cy)s* + (Cha. + teo | Zdﬁ)ﬁ + ackpas + ackiq  (3.15)
Vdc10 Vdc20

To guarantee that the zeros of Q3(s) are located in the left half plane,
the following inequality, resulting from the Routh stability criterion [25],
must hold:

Cia, + ide10 + Ade20 k.
1 vato T Dian id _ Wnd _ 0.2ay (3.16)
Cy+ Oy Kpa 2¢
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At steady state i4.10 = —%4e20, and to minimize transmission losses, the
DC voltage drop between two terminals should be kept small. Moreover,
the bandwidth of the inner current loop a. is designed to be ten times larger
than the DC voltage loop i.e. a. = 10ay. Therefore the inequality eq.(3.16)
holds for all reasonable designs of Pl-controllers and the forward path g
for all input-output combinations are thus stable in case of strong AC-grid
environment. The stability of the strong AC grid connected VSC-HVDC
system is thus determined by the feedback system g, /(1 + g1hy).

In the feedback loop, §1(s) is a rational function with respect to ‘s’ and
hi(s) is input to output stable. Therefore, the number of unstable poles of
the open loop transfer function g;h, is determined by g;, where g, is:

. _Qs(s)(les +1e)

91(8) - P5(S)

Ps(s) = (Ies + 7r.)(Cas + {de20 )[C1s* + (Cra, + iall )s? 4 ackpas + ackia)+
Vdc20 Vdc10

+ 5%(ces + ge)

In the case study setup, the physical and the control parameters of the
VSC-HVDC system are listed in Tab. 1 and Tab. 1. There are two cases
that will be discussed in this subsection: one example is using the rectifier
(AC—DC) as DC voltage controller (standard situation) and the other is
using the inverter (DC—AC) as DC voltage controller.

e Rectifier performs as the DC voltage controller

If the rectifier controls the DC voltage and the inverter controls the trans-
mitted active power, the steady states are vg4.10 = 300 [kV] and Py = —600
[MW]. The poles of ¢;(s) with different cable distances d = 50, 150, 450 [k-
m]| are given in Table 3.3. For all three cable distances, there is one unstable
pole of the open loop transfer function g (s)hq(s).

Table 3.3: Poles of g;(s) with Pyy=-600MW

d Poles of g1 (s)

50 | 23.9 | -3.313.4) | -3.3-3.4] | -206.8+954] | -206.8-954]
150 | 25.3 | -3.3+3.5] | -3.3-3.5] | -204.54+951j | -204.5-951]
450 | 31.3 | -3.34+3.5) | -3.3-3.5] | -194.7+938j | -194.7-938;

The Nyquist plots of the transfer functions ¢ (jw)hi(jw) with different
cable distances are given in Fig. 3.2. It shows that for all three cases,
§1(jw)hi(jw) anti-clockwise encircles the critical point (-1,0) once, which is
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equal to the number of unstable poles of §1(s)hi(s). Consequently, for the
different cable distances, d = 50, 150, 450 [km], the VSC-HVDC system
remains stable at the operational point v4.10 = 300 [kV] and Py = —600
[MW]. (For other operating points of both DC-voltage and active power,
the VSC-HVDC system still appears to be stable.)

Nyquist plot of Open loop function glhl with PZO:—6OOMW
T T

25

20 .
wincrease

151

101

g 3
£ [
oF t
e n
E o
-5 RARE|
!
R
—_10- A
-15}| = d=50km
= = =d=150km
—20f| == d=450km
® Unit point
_o5L=T : ; | | | | | | |
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(a)Full curve
Nyquist plot of Open loop function glhl with PZO:—6OOMW
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_______________
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o
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Figure 3.2: Nyquist plot of §;(jw)h;(jw) with Pyy = —600MW: blue solid
curve is d=50 km; red dashed curve is d=150 km; black dashed dotted curve
is d=450 km; the critical point (-1,0) is marked by a red dot.

e Inverter performs as the DC voltage controller

If instead the inverter controls the DC voltage and the rectifier controls
the transmitted active power, the steady states are v410 = 300 [kV] and
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Pyy = 600 [MW]. The poles of g(s) with different cable distances are given
in Table 3.4. For all three cases, there are two unstable poles of the open

loop transfer function g;(s)hy(s).

Table 3.4: Poles of §;(s) with Pyy = 600 [MW]

d Poles of g(s)

50 | 1.2411.5) | 1.2-11.5) | -3.6 | -198+4994j | -198-994;
150 | 1.1411.3j | 1.1-11.3j | -3.6 | -195+995j | -195-995j
450 | 0.95+10.6j | 0.95-10.6j | -3.6 | -190+996j | -190-996]

Nyquist plot of Open loop function gl*h1 with P,,=600MW
T
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Figure 3.3: Nyquist plot of §;(jw)hi(jw) with Pyy = 600M W
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The Nyquist plots of the transfer functions ¢ (jw)hi(jw) with different
cable distances are given in Fig. 3.3. It shows that for all three cases,
§1(jw)hi(jw) anti-clockwise encircles the critical point (-1,0) twice, which
is equal to the number of unstable poles of §;(s)hi(s). Consequently, for
the different cable distances, d = 50, 150, 450 [km], the VSC-HVDC system
remains stable when vg.10 = 300 [kV] and Py = 600 [MW].

According to above analysis, the VSC-HVDC system embedded in a
strong AC grid will be stable for three different cable distances d = 50,
150, 450 [km]. The corresponding conclusion can be made when using the
single II-section cable model. The distributed parameter cable model, hence
justifies the use of the single II-model in most situations.

3.2.2 VSC-HVDC system connected with a weak AC-
grid

As concluded above, the stability of the active power controlled VSC would
not influence the stability of the feedback loop g1 /(14 g1h1) since gos = Gos.
In this subsection, it is assumed that the active power controlled VSC is
under steady state. On the other terminal, the DC-voltage controlled VSC
is connected to a weak AC-grid, which is modeled by a series L,R,-circuit.
In the synchronous coordinates, the AC grid dynamics are given by eq.(2.34-
2.35).

The comparison stability result between a VSC-HVDC system with one
single Il-section DC-cable model and with distributed DC-cable model is
presented in this subsection, where the LPF of the AC-voltage is not con-
sidered (i.e. ay — oo and y;(s) ~ 0) and the d-axis reference current is de-
signed as eq.(2.17), the g-axis outer control loop is designed by K,q(s) = kpa
and K,,(s) =0.

e Single Il-section DC-cable model:

While the DC-cable is modeled by one single Il-section, the VSC-HVDC
system embedded in weak AC-grid at the DC-voltage controlled converter
side, could be modeled by an eighth-order state space model. The state
variables are z = [Aicg Ny AVier Tavs Tavs Tpi Nige Avgea], Where T gy4
is the integral action of the DC-voltage controller, x4 is the dynamics of
the LPF of the forward DC load power and Auvge is the DC-voltage at

the active power controlled converter side. The input variables are ul =

(AT AE™ Avgy Avg,] and the disturbance input variables are w? =
[AE; AE,]. uzzf are the first two reference signals of the input vector wg,.
Combine the inner current loop dynamics eq.(2.7-2.8), the DC-voltage

dynamics eq.(2.10), the DC-voltage controlled outer loop dynamics eq.(2.15,
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2.17), the PLL dynamics eq.(2.30-2.33), the DC-current dynamics due to
series Rg.Lg.-circuit and the active power controlled VSC dynamics given
by ¢25(s), the state-space model of the VSC-HVDC system with a single
II-section DC-cable model is given by eq.(3.17), where Cy,; = C' + Cy. and

Cdc =d- 00/2-

Ldy = Al “Tay + Bul udv + Bwl

w = Cwl * Ly + le * Udy (317)
[ —Qc 0 _kpdvgvi)o Qe kzd gilo (%
0 —a. 0 0
Eio tdco
CtotVdc10 0 CtotVdc1o 0
A 0 0 —1 0
1 — .
agBrogs 0 agiaoz— 0
0 0
1
0 0 L 0
0 0 0 0
Qe 7]
T 0 0 0
0 0 0 0
Q10/En0 _ 1
0 CtotVdc10 Ctot 0
0 0 0
Cac Q C
—agr aqEroge Fa ddlacog,, 0
0 —Qpll 0 0
_ BRae _1
0 0 {/dc i de
dc0
0 Ctot CtotdeZO _
v, C
BT _ kpa glg) 01000
ul ackps 0 0 0 0 0
Pio/E Ce
[k ek, ZUES 0 agfefe o 00
wl Quo/E Cae @
0 0 “Coorvamg O g G 00
R
o L, |1+ apuLng)—l%g —ap Ly Eﬁz ac— 17> w0  kpa*gta
1= 7 )
w ]{;1 CLCLgk’pa 1— ach E2 —Wwy a. — }z_z 0
kid”gjgo ac op + B au—72) 0 0
R P Q10
apll—L—g)E—lfg—E—%Ow 0 0
p -+ + apu Ly aplng Ez Kopa ”gTOOaC 0 10
vt kl acL kpa 1— gEz ack:paLg 01
10 QIO P
]{71 =1 + Lg(ap” ) —|— L2apuac pa E2 — E—ZO)
10 10
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Ay, B, and By do not depend on the AC-grid SCR, however that Cy;
and Dy, depend on it. The parameters of the DC-cable are listed in Tab. 1
and Tab. 1, where Ly. = [. * d and Ry. = r. x d. The stability of the VSC-
HVDC system with a single II-section DC cable model can be analyzed by
the eigenvalues of A1 + AA; and AA; = B, 1Cun-

It’s straight forward to be calculated that for SCR < 4, provided the
parameter values in Tab. 1 and Tab. 1, the VSC-HVDC system will become
unstable due to the weak AC-grid impedance but not for the case with
higher SCR. The reason for the system instability is that k; — oo and thus
||AA;||oc = 00 when SCR =1/L, [p.u.] is around a. i.e. 4 [p.u.].

e Distributed parameter DC-cable model:

While the DC-cable is modeled by eq.(2.53), it is hard to use eigenvalue
analysis to study the system stability since there are an infinite number of
poles. Therefore, the Nyquist criterion is applied to analyze the stability of
the system in the block diagram in Fig. 3.

As claimed in subsection 3.1, the VSC-HVDC system can be described
by two cascaded systems: one is a forward combination of transfer func-
tions, which depends on the considered input and output. The second is a
feedback loop which is unique for all input-output combinations. When the
active power controlled converter is operated under steady state, the trans-
fer function at VSC2 is simplified as Avgeo = g25(5)Aigea, which would not
induce an unstable forward function go(s). For the DC-voltage controlled
VSC, the forward function stability will be analyzed by a case study.

In the case study setup, the VSC-HVDC system parameters and nominal
steady states are listed in Tab. 1 and Tab. 1. However, change the cable
inductance density to be 10.2 [mH/km] (other parameters as in Tab. 1 and
Tab. 1), which renders the single II-section cable model based VSC-HVDC
system unstable and the SCR of the AC-grid is still chosen to be 4. For
the case with distributed parameter DC-cable model, the forward function
stability and the function g5 are determined by the new state-space model,
where x4,, is the first six components of x4,, the input signal is Aig. and
the output signal is Awvyge,

Qtdvn = A2 * Tgon + B2 . Aidc
ArUdcl = C2 * Ldon (318)
g5 = Co(s] — Ag) ' By (3.19)

where A, is the sub-square matrix of A; + AA; with the first 6 columns
and first 6 rows and Cy. = 0 [uF] (since the cable capacitance should not
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be included in the VSC dynamics itself), and By, Cy are:

By =10 0 =& 0 agvgo 0
Co=1[001 0 0 0]

It is straight forward to prove that the above system eq.(3.18) is mini-
mum order, i.e. the system is both controllable and observable. Therefore,
the stability of the forward function gy = glsjrlg%G(s) is determined by the
zeros of gi5 + gos. The expression of go5 is given by eq.(3.14), as gas = §os
and the expression of g5 is given by eq.(3.19). In this case study, the ze-
ros of gi15 + go5 are —30, —41 + 6675, —119, —1265, —466180 and thus the
forward function go(s) is always stable regardless of the input and output
signals. Note that the system zero with large magnitude (z = —466180) is
due to the fact that k; is small when SCR is around 4.

The feedback loop stability is studied by the Nyquist criterion. The

g15+925

number of unstable poles of gih; is determined by ¢g; = s due
0

to that hq(s) is dissipative, containing an infinite number of stable poles.
The poles of g, are: 173, -0.98, —25 + 225, -119, -434, -1125 and -449937.
Obviously, there is one unstable pole of the open loop function of ¢, /(1 +
g1h1). In order to guarantee the stability of the closed loop function, the
Nyquist plot should anti-clockwise encircle the critical point (-1,0) once.
For the single II-section cable model, the equivalent cable function of hq(s)
is depicted by h,i(s) = ces-d/2+1/(l.s + 1.)/d. The Nyquist curve of the
open loop function g1y (jw) and g1h.1(jw) is given by Fig. 7.

Fig. 7 (a) shows that in the low frequency band, both cable models
provide similar Nyquist curves. However, in this study case, the Fig. 7 (b)
shows that for the distributed parameter cable model, the Nyquist curve
will anti-clockwise encircle the critical point (-1,0) but for the single II-
section cable model, the Nyquist curve will clockwise encircle the critical
point once. Therefore, the VSC-HVDC system with distributed parameter
DC cable is stable but the VSC-HVDC system with one single Il-section
DC cable model has two unstable poles i.e. 0.7+1.787, which are calculated
by the eigenvalue of the weak AC-grid connected VSC-HVDC system state
matrix A; + AA;.

This is because, for w < 1/(dy/l.c./2) = w,s (resonance frequency of
the single Il-section model), |hy(jw)| > |hr1(jw)| implying that the VSC-
HVDC system with the distributed parameter cable model has a larger gain
margin.

Fig. 8. shows that if the VSC-HVDC system with the single II-section
model is stable, then the phase crossover frequency must be lower than w,
where hy(jw) is similar to h.1(jw) and since g1h; has a larger gain margin,
the VSC-HVDC system with the distributed parameter cable model is also
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Figure 3.4: Nyquist plot of ¢;(jw)hi(jw): one Il-section DC-cable model
(red curve); distributed parameter DC-cable model (blue curve).

stable. Consequently, if the VSC-HVDC system with a single II-section
model is stable, it is sufficient for the VSC-HVDC system with distributed

parameter cable model to be stable but not vice versa.

For different operating points Py and for different SCRs, the open loop
function g, hy always has one unstable pole, which implies that the Nyquist
curve should anti-clockwise encircle the critical point (-1,0) once, so that the
closed loop VSC-HVDC system is stable. As shown in Fig. 7, the Nyquist
curve should cross the negative real axis at the left of (-1,0) in order to
anti-clockwise encircle the critical point. Therefore, the larger magnitude
of |g1h1(jwye)| is, the better stability robustness the system will have. w.
is the phase crossover frequency, i.e. the angle of g;hy(jw,.) is -180 [deg].

Fig. 9 illustrates the difference in loop transfer function gain, for the
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Figure 3.5: Frequency characteristic curve of ¢;(jw), hi(jw) and hq(jw).

two cases (distributed model and II-section model) at wye, w

respectively.

Positive difference values imply that |g1hi(jwpe)| > |g1hr (jw),)|. Tt shows
that the VSC-HVDC system with one II-section DC cable model always has
worse stability robustness for different operating points Py and for different
SCRs. Consequently, the VSC-HVDC system with a single Il-section DC
cable is a safe choice in the evaluation of system stability under different

P20 and SCR.
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Figure 3.6: Magnitude differences between |g1h;(jw.)| and |g1hm(jwer)|,

where the angle of both ¢k (jw.) and g1hr1(jwer) are —180°.
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Chapter 4

Robust stability analysis

As shown in subsection 3.2.2; the interconnected AC-grid may adversely
decrease the VSC-HVDC system robustness and cause instability. There-
fore, in this section, the stability of grid connected converters are analyzed
based on the small gain theorem and the passivity theorem, where the sys-
tem is characterized as a negative feedback system of grid impedance and
converter admittance as shown in Fig. 4.1.

Uy €1 U1
n Ni(s)
+ +
No(s) -—
Y2 €2 U

Figure 4.1: Block diagram of the grid connected converter system: converter
admittance system Nj(s) and AC-grid impedance system Na(s).

4.1 Mixed small gain and passivity theorem

The small gain theorem and the passivity theorem are two of the most im-
portant results in the input-output stability theory of interconnected sys-
tems. However, there exist many situations where both the passivity and
the small gain theorems are not compatible respectively, the idea of merg-
ing those two theorems is potentially extremely useful. In this section, a
modified “mixed” small gain and passivity theorem is proposed and will be
further applied to give sufficient conditions for the stability of a two-terminal
VSC-HVDC system embedded in weak AC-grids.
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The small gain theorem and the passivity theorem are given as follows
[9,26-30]:

Theorem 1 (Small gain theorem)
Consider a system with a stable loop transfer function L(s). Then the closed-
loop system is stable if

LG <1, Yo € R
where ||L|| denotes any matriz norm satisfying ||N1No|| < ||N1]| - || N2||.

Theorem 2 (Passivity theorem)

Consider two linear time invariant (LTI) stable subsystems Ny and Ny in
negative feedback configuration, as shown in Fig. 4.1. The closed-loop sys-
tem is asymptotically stable if both subsystems are passive and at least one of
them is strictly passive. Ny(s) is passive if and only if Ny (jw)+N{ (jw) > 0,
for Vw and is strictly passive if and only if Ny(jw) + N (jw) > > 0, for
Vw. N (jw) is the Hermitian transpose of N;(jw).

For LTT systems, both the small gain theorem and the passivity theo-
rem follow from the classical Nyquist criterion, which claims that for stable
subsystems as depicted in Fig. 4.1, the Nyquist curve of the loop function
L(s) = Ni(s)Ny(s) should not encircle the critical point in order to guaran-
tee the input-output stability of the negative feedback system. Therefore,
assume that there are no internal right half plane (RHP) pole-zero cancela-
tion in the loop function L(s), i.e. L(s) contains no unstable hidden modes,
then the generalized (MIMO) Nyquist theorem is formulated [31]:

Theorem 3 (Generalized MIMO Nyquist theorem)

Assume that there are no open-loop RHP poles in the loop gain L(s). Then
the closed-loop system (I+ L(s))™! is stable if and only if the Nyquist plot of
det(I + L(s)) (i) makes no anti-clockwise encirclements of the origin, and
(i1) does not pass through the origin.

It is obvious that in the generalized MIMO Nyquist theorem, both Ny(s)
and N»(s) can be non-proper but stable, so that there are no hidden unstable
poles in Nj(s) and Na(s) due to cancelation. Since the “mixed” small
gain and passivity theorem follows from the classical Nyquist arguments,
there is no need to require both subsystems to be proper as shown in [10,
11]. In addition, the high frequency dynamics of the system studied in [10]
destroy the passivity property and thus the system stability is established
if gains are small in the high frequency band and passivity holds in the low
frequency band which is contrary to our study case (i.e. passivity holds in

34



4.1. MIXED SMALL GAIN AND PASSIVITY THEOREM

the high frequency band and gains are small in the low frequency band).
Consequently, the new proposed “mixed” small gain and passivity theorem
does not require both subsystems to be causal.

Another strong condition of the “mixed” small gain and passivity the-
orem presented in [10, 11] is that both subsystems has to be input and
output strictly passive in the frequency interval €,, where N(jw) is in-
put and output strictly passive in the frequency band €, if 3k, [ > 0
such that —kN (jw)N(jw) + N¥(jw) + N(jw) —II > 0 for Vw € Q.
It is obvious that, for strictly proper system, it is not input and output
strictly proper for w — oo. However, if 2, only contains bounded fre-
quency bands (i.e. £oo ¢ €),), then input and output strict passivity is
equivalent to strict passivity, i.e. N7 (jw) + N(jw) > 0 if and only if
—kNT (jw)N(jw) + N (jw) + N(jw) — I > 0 for Yw € Q,. Therefore,
in this thesis, the condition of input and output strictly passivity for both
subsystems Ni(s) and N(s) is released as both of them are passive and at
least one of them is strictly passive (which is the same as the condition of
the passivity theorem).

The resulting “mixed” small gain and passivity theorem, modified ac-
cording to the reasons given above is:

Theorem 4 (“Mixed” small gain and passivity theorem)

Suppose that in the open-loop gain L(s) = Ni(s)Na(s), Ni(s) and Na(s) are
stable rational square transfer function matrices. In addition, there exist
two distinct sets of frequency bands: (a) one set denoted by Q,, that consists
of frequency intervals over which N;(jw)+ N2 (jw) >0, i = 1,2 and at least
one of them is strictly positive. (b) one set denoted by )y that consists of
frequency intervals over which a(Ni(jw))a(Ne(jw)) < 1. Then the negative
feedback loop (Fig. 4.1) is stable if 0, U Qg = R U £o0.

In order to prove Theorem 4, the required observation is given as below:

Lemma 1 (Observation 5 in [11])

Suppose that the Nyquist plot of det(l + L(s)) encircles the origin at least
once. Then there must exist at least one kg > 1 and one wy for which
det(I + %OL(jwo)) = 0.

Proof: For an asymptotically stable system (I + L(s)™Y), it must satisfied that
det(I+L(0)™') # 0. Assume that det(I + L(0)™) > 0 and that the Nyquist
plot of det(I + L(s)) encircles the origin at least once, then the Nyquist
plot of det(I + L(s)) must cross the negative real azis at leat once. (If
det(I + L(0)™Y) < 0, then neither small gain nor passivity conditions will
hold.)

It implies that there exists at least one positive real number € > 0 and
one frequency wy, such that det(I+L(jwo)) = —e < 0. The invertible matriz
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Q(s) consists of the eigenvectors of L(s) and X\;(s) are the eigenvalues of
L(s). Then:

det(I + L(s)) = det(Q(s) ™' - (I + L(s)) - Q(s))
= det(I +Q(s) "' L(5))Q(5))
=11 (1 + Ai(s))

= det(I + L(jwo)) = 11", (1 + X\;(jwo)) < O

Therefore, it exists at leat one \; such that 1 + \j(jwy) = —k < 0, where
k is a positive real number. Note that for all conjugate eigenvalue pair
Am(Jwo)s An(Jwo), it has (1+ A, (jwo)) (14+Am(jwo)) is a positive real number
and thus the negative term in det(I + L(jwy)) must comes from the real
eigenvalue \;(jwo) but not the complex one.

In addition, since 1 + X\;(jwo) = —k < 0, choose kg = 1 +k > 1, it
follows that 1 + %ij(jwo) =0 and thus det(I + %OL(jwo)) =0. 0

Thus, a sufficient condition for a stable closed-loop system (I + L(s))™*

is that, for all £ > 1 and all w € RU oo, det(I + +L(jw)) # 0 provided
that the open-loop gain L(s) is stable (according to Theorem 3). Our aim
is to show the conditions of N;(s) and N(s) given in Theorem 4, such that
L(s) = Ni(s)Ny(s) satisfies the sufficient condition. It is obvious that Ny(s)
or Na(s) can be non-causal but stable, provided there is no hidden unstable
pole in N;(s) or Ny(s) due to cancelation. Note that the similar proof can
be found in [11,32].
Proof of Theorem 4:
Part (a): Yw € Q,, assume that N;(jw) + N (jw) > 0 and No(jw) +
Nf (jw) > 0. Then we want to prove that for all x > 1 and all w € Q,,
det(I + LL(jw)) # 0.

Since N;(jw) + N{ (jw) > 0, Ni(jw) is nonsingular for Yw € €, [33].
Then for Vw € €2, it follows:

N'(jw) + Ny P (jw) > 0 and det(N;'(jw)) #0 =
1 1
Ny jw) + ;NQ(jW) + N7 H(jw) + ENQH(jw) >0, Vk € [l,00) =
. 1 . 1. 1 . .
det(N; (jw) + —Ns(jw)) = det(Ny " (jw)) det(I + —Ni(jw) Na(jw)) # 0
1
det([ + ;Nl(jW)NQ(]W)) §£ 0, VK € [1, OO)
Part (b): Yw € €y, we want to prove that if a(N;(jw))a(Na2(jw)) < 1, then

for all £ > 1 and all w € Q, det( + 2 L(jw)) # 0.
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For any k > 1, it follows:

o0 + L)) = min [[(1+ L))l

|z||2=1

> Hiﬂm (22 = HEL(JW) - f[2)

o=1
L.
2 1 = max(||~L(jw) - z[]2)

1
>1-06(-L(jw))
K
As k > 1, we have that:

T L)) < o(LUw)) < 0N (je)o (Naji) < 1

Therefore, o(I + LL(jw)) > 0 and det( + L L(jw)) # 0 for Vw € Q, and
Vi > 1.

Consequently, if 2,UQ, = RU=£o0, then for all K > 1 and all w € RU=%o0,
det(I + LL(jw)) # 0. According to Theorem 3 and Lemma 1, the closed
loop (1 + L(s))~! is stable. O

Note that the passivity theorem holds when 2, = RU=+o0 and the small
gain theorem holds when ©; = RU=o00 [9,26-30]. In this subsection, based
on classical Nyquist theorem, the proof of a stability result for a negative
feedback interconnection of stable LTI systems (Fig. 4.1) with mixed small
gain and passivity properties is provided. When compared with [11], the
causality (rational LTI systems are causal if and only if they are proper)
of the subsystems is not required and there is no need to demand input
and output strict passivity to hold for both subsystems but only passivity
and at least one to be strictly passive. The reason why we provide a soft
condition for system passivity and causality, is that in the high frequency
band (w — o0), we want a strictly proper subsystem to be passive and for

a series R,L,-circuit, which is not causal (proper) in the transfer function
from Ai to AFE.

4.2 Active power controlled converter

The block diagram of the active power controlled converter embedded in
a weak AC-grid is shown in Fig. 4.2. It shows that the stability of the
AC-side dynamics of the active power controlled converter is independent
of the DC-side dynamics and thus the stability of G(s) is not considered in
this subsection. The system of active power controlled converter interacting
with weak AC-grid is stable if the negative feedback loop Y, Z, is stable and
Gp1, G,2 are stable.
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Active power controlled converter (AC-side) DC voltage controlled

converter and DC-grid (DC-side)

Y

|
l
ZQ(S) < i
AC-grid impedance i ¢Au
p— 1
+ :
——»O0—»|Y (s »D——»l(7, 1 (SR » G(s
Avg  ~ AE, »(s) X Adg Gl ): AP, () Ry
1
Converter admittance !
APy! !
AE :
|
1

Gpa(s)

Figure 4.2: Block diagram of the two-terminal VSC-HVDC system connect-
ed with weak AC-grids, where G (s), Gpa(s), G(s) are the transfer function
matrices with respect to different input/output signals.

Combining the eq.(2.7, 2.8), (2.11), (2.22, 2.23), (2.30-2.35), results in
the transfer functions shown in Fig. 4.2:

[L,s+ R —wolL
Zy(s) = |7 g g 4.1
2(s) woL, Lgs+RJ (4.1)
[_s y,(s)_@ ap Q2 a9 _ s Q20 _%pu
Y, (s) = |7 B3y stap B3y s+ap stapu  E3y stapu
P __ac (S) s y,(s>+@ apll (S> ac s
L s+actrad s+apy 7t E%O s+apy aq stac s+apy
(4.2)
r_1 _ap 0
G ., = Eag s+ap 4.3
= P8 i) Y

It is obvious that for positive design bandwidths a., a,, a,;, there are
no unstable poles in Gpa(s), Za(s), Y,(s). The output active power AP,
is proportional to Aiy and AF, respectively (eq.(2.11)) and thus if the
feedback loop system is stable, the output active power is bounded as well.
Consequently, the stability of the active power controlled converter (VSC2)
is determined by the feedback loop (1+ L(s))™, L(s) = Y,(s)Za(s).

Since the AC-grid model is always strictly positive real if it contains a
non-zero resistance R, according to Theorem 4 (“mixed” small gain and
passivity theorem), the closed loop system (1 4 Y,(s)Z2(s))" is stable if
Y,(s) is passive or, for the non-passive frequency band, the product of the
gains of Y, (s)Zy(s) is strictly less than one.

Y,(s) is passive if and only if Y, (jw) + ¥,/ (jw) > 0 [9], which implies

38



4.2. ACTIVE POWER CONTROLLED CONVERTER

that:

L [Y (
Yy (jw) = [szl(jw) Yoo (jw)
) >0

. aoon | Re{Ynu(w)t  Yae(jw) + Yy (jw)
Yojw) +Y, () = [n*mw +Ym(jw)  Re{Yym(jw)}

A Hermitian matrix Y,(jw) + Y,/ (jw) is semi-positive definite if and
only if the determinants of all leading principal sub-matrices of Y, (jw) +
Y[ (jw) are non-negative, i.e. Re{Yp11(jw)} > 0, Re{Y;2(jw)} > 0 and
det(Y,(jw) + Y, (jw)) = 0 [34].

Assume that Qo9 = 0 (which is a realistic assumption, since the VSCs
are most often operated with a unity power factor [6]) and the input active
power at VSC2 is negative i.e. Py < 0 (which is reasonable since the
converter having the lower steady state DC-voltage is set as the active power
controller and has negative input power). In addition, by designing y; = 0
(i.e. ay — oo, the LPF for the converter voltage of the inner current loop
is ignored), the converter admittance matrix Y, (s) is:

— Do % 0
o E20 s+ap
Y;J(S)_ —_ac [ (S) Pyo _aplu - K (8) Qe s
s+actrad E‘%O s+apy aq s+ac s+apy

It shows that when K,,(s) = 0, the real part of Y,;;(jw) and Y (jw)
always have different signs, which implies that the converter dynamics is not
passive for all frequencies. Therefore, introducing K,,(s) = 25—222%(1 + %),
which compensates for the dynamics caused by the PLL and will guarantee
that the real parts of Y,11(jw) and Y,e(jw) are positive when the inverter
controls the transmitted active power.

In addition, in order to ensure that det(Y,(jw) + Y,/ (jw)) > 0, Kaq(s)

can be designed as K,4(s) = — %s%‘id with any positive & < 1 and a,q =
20 v
%. Consequently, the converter admittance is passive for all frequencies.

Acccording to Theorem 2 (passivity theorem), the negative feedback system
is stable if Y, (s) is passive and Zs(s) is strictly passive, i.e. @, = RU
+00. Thus the active power controlled converter (VSC2) is stable under all
connected AC-grids.

Such result is contributed by the new g-axis outer controller, which
contains two parts: the low-pass filtered d-axis PCC voltage differences,
used to compensate for the AC-voltage drop and a Pl-controller on the
g-axis PCC voltage, counteracting the PLL dynamics. The comparison
between different controllers are shown by the step response from AP of
to AP, in Fig. 4.3. It shows that when the connected AC-grid is strong

i.e. SCR = 3, the step responses are similar between different g-axis outer
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CHAPTER 4. ROBUST STABILITY ANALYSIS

controller (solid red and solid blue curve). However, when the connected
AC-grid becomes weaker i.e. SCR = 0.95, the new g¢-axis outer controller
enables the stability of the grid interconnected converter.

ref

Step Response from AP2 to AP2

0.81

o6l !/ K_=0.001, K_ =0, SCR=3
ad aq
Kad:0.001*3.14/(s+3.14), Kaq:PI—comroIIer, SCR=3
— — —K_=0.001, K_ =0, SCR=0.95
ad aq

- — = Kad:0.001*3.l4/(s+3.14), Kaq:PI—ContrOIIer, SCR=0.95

0.4r

AP, [MW]

0.2

_02 1 L L 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3

Time (sec)
Figure 4.3: Step response from AP; “/ to APy: red curves represent g-axis
outer controller designed as Kqq4(s) = 0.001 324 and Kyq(s) = 200 o (] 4
v 20 Qc
%), blue curves represent g-axis outer controller designed as K,4(s) = 0.001
and K,,(s) = 0; solid curves represent the case with SCR = 3 and the dashed

curves represent the case with SCR = 0.95.

4.3 DC voltage controlled converter

As we discussed in section 3.2.2, the active power transmission AP, is as-
sumed to be zero while the stability of the DC-voltage controlled converter
interacting with both AC- and DC-grid is analyzed. In addition, since the
external reference signals Av' and AE]* are independent of the system
states, the system stability will not be affected by those signals and they
can thus be assumed zero.

In this subsection, the DC-cable is modeled as a Il-section, which is
shown to be sufficient to analyze the system stability [35]. The active power
controlled converter under steady state is modeled as a negative resistance

Rog = 3.5/ Pao (as Py < 0). The transfer function from Avg to Aidg, is:

Aige 1

- Rao
des + Rdc + 1+ R20Ctot-s

(4.4)

In order to study the converter-grid interaction, the system is thus de-
picted as a negative feedback loop of the AC-grid impedance matrix Z;(s)
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4.3. DC VOLTAGE CONTROLLED CONVERTER

and the converter admittance matrix Y (s) (including the DC-grid dynam-
ics), which is shown in Fig. 4. Note that the stability of Y'(s) is equivalent
to the stability of a VSC-HVDC system connected with strong AC-grid,
which has been shown to be stable with reasonable designs of local con-
trollers in section 3.2.1. Provided that Y'(s) is stable, the stability of the
converter-grid interacting system can be further analyzed by Theorem 4.

Avsl AEl Y(S) AZl
—"__
Z1 (S) :Ail

Figure 4.4: Block diagram of the DC voltage controlled converter interacting
with both AC- and DC-grid

Combining the eq.(2.7,2.8), (2.10-2.15), (2.19), (2.23), (2.30-2.35), the
converter admittance matrix Y (s) and the AC-grid impedance matrix Z (s)
are:

L,s+ R —wolL
Zi(s)=|" g g 4.5
1(s) [ woLyg Lys + RJ (4.5)
Yii(s) le(S)}
Yi(s) = 4.6
(s {ms) Yaa (5) (4.6)
Q5(S) = Ctotvdclos + (idco + UdclOGdc>(1 - chf> + Udclochd
1 P, .
Yii(s) = 0:(5) {E—%ch[Ff(ldco + V410G ae) — VaeroFa)+
P .
+(yz - E—gche)(Ctotvdclos + deo + 'UdclOGdc)
10
a S 1 )
Yia(s) = Quo_ + Qo Ge {Vac10Fa — Fr(iaeo + Vae10Gae)

EX s+am E% s+ amQs(s)
Y21(8) = —9e(8) Kaa(s)
s P a
Yaa(s) = (4i(s) — geKaq(s)) L

2

When Q19 = 0, it is obvious that Yi5(s) = 0. By setting K,4(s) to be a
small enough constant, i.e. K,4(s) =~ 0 and thus Ys;(s) ~ 0, the converter
admittance matrix Y (s) is then simplified to a diagonal matrix. Therefore,
Y (s) is passive if and only if the real parts of both Y31 (jw) and Yo (jw) are
non-negative and the gain of Y(s) is the maximum value of |Y3;(jw)| and
Vas(iow)] [34].
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Contrary to the active power controller converter, the PLL dynamics
provide a term with positive real part in Yas(jw) i.e. 5120 Si’;””
there is no need to compensate for the effect of the PLL dynamlcs and thus
the design K, (s) = 0 is chosen.

Equation (2.10) and (2.11) show that at steady state with AP, = 0,

then AP = 0 and thus Aig = —%AEd. This implies that with Py > 0, the
0

impedance Yi;1(jw) has negative real part in the low frequency band and
Y11(0) = —Py/E3. Consequently, for the DC-voltage controlled converter,
it is impossible to obtain passivity for all frequencies.

According to Theorem 4, since the grid impedance Z;(s) is strictly pas-
sive for all frequencies, the closed loop system is stable if the loop gain is
smaller than one when Y'(s) is not passive i.e. either Y;;(jw) or Yo (jw) has

negative real part. The parameters for the case study made are listed in
Tab. 1 and Tab. 1.

Therefore,

Impact of DC-grid length:

In this subsection, the sufficient stability condition with respect to the AC-
grid short circuit ratio (SCR ~ 1/L, [p.u.]) is given under different DC-
cable lengths, i.e. AP = 0, and d= 50 [km], 200 [km]. Assuming
APjoeq1 = 0 and combining with eq.(4.4), we will obtain:

APrpadt = Vae10Dige + 1400 ATt = (Vae10Gae(8) + ideo) Abger = 0
& Vae10Gde + tageo = 0
yi(s)Crors— g0(s)Fals) .
Thus, Y (s) = Cmts+g6(s)Fd(S)

. s Pro %
yl (s) S+CLp” ElO s+ap”

The loop gain of L(s) = Y (s)Z;(s) satisfies:

| VL + Law +w0)? e, forw 2 0
(Z1(jw)) =
\/R2 + L2(w — wp)?, for w < 0
(Y (jw)) = max(|Y1: (jw)l, [Ya2(jw)])

(L(jw)) < k = \/R; + L2 (w + wp)? - max(|Yi (jw)], |Yaa(jw)]), for w > 0

Qi

It shows that the upper bound of the loop gain (k) is linearly propor-
tional to 1/SCR. Therefore, we can first assume that SCR = 1 and the
resulting maximum « in the frequency band where passivity does not hold
is the stability sufficient condition of the AC-grid SCR.

The frequency characteristics of Y11 (jw) and Yas(jw) are shown in Fig. 5,
where values of all system parameters and steady state entries are set to
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be constantly equal to the values provided in Tab. 1 and Tab. 1, with the
exception of DC cable length.

2
51— x:02402 o
& Y: 0 -;,/1777_ S T — —
T 0 u -—
o 7
= y X: 0.5305
/
R Y:0
=
i ‘ ‘ s
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Figure 4.5: Frequency characteristic of Y1;(jw) and Ys(jw) with different
DC dynamics

It shows that Yss(jw) has positive real part for all frequencies and
Y11 (jw) has positive real part in the high frequency band ie. w € [w,, 00)
and Re{Y7;(jwy)} = 0. Therefore, the closed loop system is stable if the
gain x is lower than 1 for w € [0, w,]. When APpq1 = 0, w, = 0.531 [p.u.]
and the system is stable for SCR > 1.56. For the case with 50, 200 [km)]
cable length, w, = 0.24 [p.u.] and the system is stable for SCR > 2.46, 2.87
respectively. It implies that the influence of the DC grid dynamics is not
ignorable and the longer the DC cable length, the stronger AC-environment
is required to guarantee system stability.

Impact of converter controller design:

In this subsection, the sufficient stability condition is compared between
cases with different DC-voltage controller i.e. "/ = P/ /E or i"/ =
Prel /By and different bandwidth of the LPF for the AC voltage (ay).

The comparison result is shown in Fig. 6, where all the non-specified
system parameters and steady state entries are set to be constantly equal
to the values given in Tab. 1 and Tab. 1.

It shows that by designing i"®/ = P"¢//Ej instead of i"/ = P™//E, w,
decreases from 0.38 [p.u.] to 0.24 [p.u.], in addition, the sufficient condition
of a stable closed loop system is improved from SCR = 2.7 to SCR = 2.46.
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Figure 4.6: Frequency characteristic of Y1;(jw) and Yas(jw) with different
converter controllers

Therefore, by designing i"¢/ = P"¢/ / Ejy, the system robustness with respect
to a weak AC-grid is improved.

In addition, by setting ay = 4 [p.u.] (ten times higher), the upper
boundary of the loop gain can be decreased but the frequency region of a
non-passive converter admittance is also increased. This indicates that if
there is a significant resonance at the AC-grid in the low frequency band,
it is recommended to introduce an LPF at the measured converter PCC
voltage. Otherwise this is not required. The resonance aspect is further
discussed in [6].

After designing the outer DC voltage controller as a P-controller with
Kpq = Cyoraq, the upper bound of the loop gain can be decreased from SCR
= 2.46 to SCR = 1.63, even though the frequency region of non-passive
converter admittance is increased from w, = 0.24 [p.u] to w, = 0.275
[p.u.]. Therefore, a P-controller is better than a Pl-controller with respect
to the system stability robustness.

Note that the “mixed” small gain and passivity theorem might not be
the best choice to analyze the stability of series R, L4-circuit interconnected
DC-voltage controlled converter due to that the uncertainty of the AC-gird
is linearly proportional to 1/SCR. However, the “mixed” small gain and pas-
sivity theorem can be applied to analyze the stability of grid interconnected
converter with other AC-grid topologies, such as AC-grid with parallel res-
onance (inductor shunt with capacitor) or with series resonance (inductor
series with capacitor).
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Chapter 5

Analytical investigation of
poorly damped conditions

In this section, a method are proposed to obtain approximative analytical
expression for eigenvalues of a two-terminal VSC-HVDC system, while the
interaction with the AC-side is neglected assuming the presence of strong
AC-grids. The symbolic eigenvalues efficiently characterize poorly-damped
conditions that may appear on the DC-side of a VSC-HVDC system. Con-
sequently, the interaction between the controller parameters of the terminals
and the physical properties of the DC-cable can be better understood and
evaluated.

In addition, by applying the symbolic-isolation method [36], the state
space model order of a multi-terminal VSC-HVDC system (MTDC) can
be reduced to four and thus enables the proposed method to derive the
approximate eigenvalues of the MTDC system in symbolic expressions as
well.

The VSC-HVDC system model under study is simplified as a fourth
order state space model, which is shown to be a sufficient description of a
two-terminal connection [37]. The state space model is calculated based on
the following assumptions:

e The connected AC-grids are well balanced and strong, which implies
that the nominal AC-grid voltage is as most subject to small varia-
tions, in this section they are ignored (i.e. AE; ~ 0, AE, ~ 0) and
the dynamics of the PLL and the LPF for feed forward PCC voltage
are ignored.

e Since the g-axis current (i,) has no impact on the dynamics at the
DC-side (after d- and g-dynamics decoupling), igef is thus assumed to
be zero.

e The inner current loop dynamics is ignored, i.e. Aig = Aigef :

45



CHAPTER 5. ANALYTICAL INVESTIGATION OF POORLY DAMPED CONDITIONS

e The DC-voltage controller is simplified as a P-controller, i.e. k;g = 0
and k,q = C - aq, where C' is the DC-shunt capacitor of the converter.

e The active power controlled VSC is assumed to be operated under
steady state. If not, the dynamics caused by the AC-side of the active
power controlled VSC is considered as an disturbance input to the
DC-side dynamics.

Combining the dynamics of the DC-voltage controlled VSC eq.(2.10) -
(2.17), the active power controlled VSC together with DC cable eq.(4.4),
the two-terminal VSC-HVDC system can be interpreted as a fourth order
state space model, where Cypy = C + ¢, - d/2 = C 4+ Cy. and Ailfoad is the
filtered load power normalized by vg.10, i.e. Azlfoad =F f(s)Apload /Vac10

d
ref
&xs = A x5+ Bs - Av)y (5.1)
ys=Cs-zs=1[0 1 0 0]z, =Avga (5.2)
T f .
T, = [Azload Avg. Aig. Avdc2]
_ c Cigc10—04CacCVdcio c
Qdf Ctot adf CtotVdclo Adf Ctot 0
1 _ aaCvaciotidelo _ 1 0
A, = Ctot CtotVdc10 Ciot
s — 0 1 _% _ 1
de de %dc
1 _ 20
0 0 Ctot Ctotv2 .00
T Cy.C C
BS = [adfad Cho ad—cmt 0 0]

It is easy to show that the state space model is of minimum order,
implying that the system poles are the eigenvalues of the state matrix A,.
The suggested method to analytically describe the poles of the system will
thus operate on the symbolic state matrix Ay, in an effort to extract the
desired approximate analytical expressions.

5.1 Symbolic eigenvalue expressions

The characteristic polynomial of the 4 x 4 matrix A, can be regarded as a
product of two second order polynomials p;(\) and py(A). We are in fact
most interested in p;(A), which is poorly damped and its roots are strongly
dependent of the DC-cable length. py(), whose roots are well damped and
may even be real, is to a low extent dependent of the DC-cable length.
Consequently, pa(A) can be approximately calculated by assuming that the
DC-cable length is zero.

Letting the DC-cable length to approach zero, the fourth order system
will exactly reduce to a second order system. The characteristic polynomial
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of the new 2 x 2 state matrix Az, can be assumed to approximate the well

damped polynomial ps(A), i.e. pa(A) = pa(A). Therefore, we can use po(A)

to calculate an approximated poorly damped polynomial p;(\) = p;(A).
To reduce the visual complexity, A, is re-written as:

—a b a 0

1 1
—e — 0
As = C(t)”t 1 _%ﬁ 1
de fdc de
O 0 Ctot
C Cigero — aqCacC4er0
where a = ag——, b = ag ,
Ciot CiotVde10
~agCvge1o + tdero . Py 53
€= C ) f - _C 2 ( . )
totUdc10 totUgco0

5.1.1 Well damped polynomial py()\)

If the DC-cable length is zero, then Avg, = Avgen, Alger = Aty and the
dynamics of the current passing through the DC-cable, Aig,., is removed.
The new second order autonomous state space model is:

AR RN AR

T T T

2Ctot 2

The characteristic function of A, is:

Pa(N) = det(M — Ag) = AN +0.5(a+e— )N+ 0.5(ae —b/Ci)  (5.5)

5.1.2 Poorly damped polynomial p;())

The characteristic polynomial of the fourth order state matrix A, is given
below, where k; and ko are the first and second order coefficient respectively:

det( A\ — A) =M+ (a+e— f+ szC)A3 + koA + by A+
dc

b 1 Ry,
Ctot f

) (5.6)

* (ae a >(deCtot de

Let A2 be the roots of polynomial p;(A) and A3 4 be the roots of poly-
nomial pa(A). They satisfy:

Rae
A1+A2+A3+A4:—(a+e—f+Ld) (5.7)
dc
b 1 R
Al Ao A3\ = (ae — — 5.8
! 2 s * ( Ctot ) ( deCtot f de ) ( )
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Combining eq.(5.7)-(5.8) with the approximated polynomial ps(A) eq.(5.5),

results in:
1 1 b
A3+ Ay & —§(a+ e—f) A3 M= §(ae — Ctot>
1 Ry
=AM+ A=—=(ate— f+2-%) (5.9)
2 de
1 Rdc
Al A =2 — 5.10
1A = 2( .o ! de) (5.10)
The approximate poorly damped polynomial is:
Pr(A) = (A= A)(A = A2)
1 Rdc 1 Rdc
~ N4 = — 2 2 — A1
A * 2(a+6 f_l_ de))\+ (deCtot dec) (5 )

5.1.3 Accuracy of the approximations

In this section, the eigenvalues A,,,, of the VSC-HVDC system, found be
numerical extracting them from A,, are compared to the symbolic eigen-
values Ay, expressed by eq.(5.5) and eq.(5.11). Different scenarios are
investigated where the values of all the system’s parameters and steady-
state entries are set to be constantly equal to the values of Tab. 5.1, with
the exception of certain parameters that are allowed to vary. The motive for
doing so is to observe the accuracy of the analytical expressions compared
to the numerical eigenvalues, for different values of the selected parameters.
Seven scenarios are considered:

1.

2.
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Variation of aq between 10 — 600 rad/s.

Variation of a4 between 10 — 600 rad/s.

. Variation of aq = a4 between 10 — 600 rad/s.
. Variation of the cable length between 10 — 600 km.

. Variation of the active power transmitted at station 2 from —1000 to

0 MW.

. Variation of the converter DC-shunt capacitor C; = Cy = C between

4.9—146.5 uF (equivalent capacitor charging time constant 7, changes
between 1 — 30 ms).

Variation of the DC-cable impedance density [. increases from 0.316
to 1.415 mH/km while the capacitance density ¢, decreases from 0.138
to 0.0139 pF /km.
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Note that the seventh scenario corresponds to that the DC transmission
lines change from DC-cables to overhead lines. It is due to that the DC-
cable poles are normally laid very close to each other and therefore have a
relatively high capacitance and low inductance per km. On the contrary,
overhead transmission line poles are located in a relative distance from
each other and as a result they have a relatively high inductance and low
capacitance per km [37].

Table 5.1: Parameters of VSC-HVDC system

Cable distance d 100 km

Cable inductance density L. 0.316 mH/km
Cable capacitance density Ce 0.138 pF /km
Cable resistance density Te 0.03 Q/km

DC shunt capacitor (s = 4.1 ms) C 20 uF

Rated DC voltage Vdeo 640 kV
Rated transmission power P, 1000 MW
Bandwidth of DC-voltage controller | a4 | 300 rad/s (0.95 p.u.)
Bandwidth of DC-load power filter | a4 | 300 rad/s (0.95 p.u.)

The nominal algebraic error is shown in Tab. 2. The first four columns
show the nominal algebraic error of the real and imaginary part respectively:

Ereal = | (Re[Anum] — Re[Asym]) /Re[Anum]| - 100% (5.12)
|(Im [ Ay

D] — I Asym]) /T Agrn]| - 100% (5.13)

The last two columns show the nominal algebraic error of the pole mag-
nitude, which is the same as the difference of the system natural frequency
for complex poles:

Eimag = (

Emag = ||)\num| - |)\sym|/|)\num|| ' 100% - |(wn,num - wn,sym)/wn,num| . 100%
(5.14)

The movement of the eigenvalues of A; with varied a4 (bandwidth of the
LPF of the DC load power) is shown in Fig. 5.1. The nominal algebraic error
of the well damped pole pair is plotted with a4 € [40, 600] rad/s. This
is because the eigenvalues of the well damped pole pair become complex
when ag is larger than 35 rad/s. The error plots will only illustrate the
approximation difference of complex pole pairs.

Similarly, the error plots of the well damped pole pair with varied aq
(bandwidth of the DC-voltage control loop) in Fig. 5.2 are also shown with
aq € [40, 600] rad/s and the well damped pole pair becomes complex when
aq is larger than 35 rad/s. Note that for a poorly damped pole pair, since

49



CHAPTER 5. ANALYTICAL INVESTIGATION OF POORLY DAMPED CONDITIONS

the imaginary part is much larger than the real part, the magnitude error
curves are close to the imaginary part error curves (shown in the fourth
figure in Fig. 5.1 - Fig. 5.7.

The comparison results show that the maximum relative error appears
in the real part of scn. 4, which can be decreased from 20.63% to 7.42% if
the studied maximum cable length decreases from 600 km to 300 km. In
addition, the maximum relative errors for both a well and a poorly damped
pole pair slightly exceeds 10% in scn. 7. It is due to the fact that the relative
errors of approximated eigenvalues dramatically depend on the magnitude of
the exact eigenvalues. Therefore, when the magnitude of exact eigenvalues
decreases, the relative error will increase.

Except of scn. 4, the maximum errors of the approximated result are
bounded by 12% and in average are lower than 6.39%. In general, the
method provide compact expressions that closely fit the numerically calcu-
lated eigenvalues of the system, with relatively small error. The eigenvalue
movements under different scenarios are shown in Fig. 5.1 - Fig. 5.7.

Table 5.2: Numerical difference between eigenvalues of As and the roots of
of pr(A), p2(N) [%]

Seenarios Real Imaginary Magnitude
Max | Average | Max | Average | Max | Average
Sen. 1| 0.86 0.59 1.55 0.76 1.51 0.72
Scn. 2| 0.86 0.59 1.55 0.74 1.51 0.72
Scn. 3| 2.64 1.00 2.43 0.84 2.26 0.80
Scn. 4| 8.05 4.02 4.04 1.25 4.27 1.34
Sen. 5 | 0.75 0.74 0.63 0.25 0.61 0.24
Scn. 6 | 3.62 1.88 3.16 1.65 2.51 1.44
Scn. 7 | 6.95 1.89 10.63 4.76 10.49 4.68

a) The pole pair A o that has larger ratio of Im{\}/Re{A}

Seenarios Real Imaginary Magnitude
Max | Average | Max | Average | Max | Average
Scn. 1 1.16 0.85 3.15 1.80 1.48 0.73
Scn. 2 1.16 0.85 3.15 1.80 1.48 0.73
Scn. 3 5.33 1.58 5.12 2.03 2.21 0.79
Scn. 4 20.63 8.49 2.06 1.21 4.46 1.37
Scn. 5 1.09 1.07 1.53 0.96 0.61 0.24
Scn. 6 5.23 2.67 8.17 4.41 2.45 1.41
Scn. 7 6.51 1.95 12.03 6.39 9.49 4.40

b) The pole pair A3 4 that has smaller ratio of Im{A}/Re{A}
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Eigenvalue movement of scn. 1: a,0 [10 600] rad/s
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Figure 5.1: Eigenvalue movement and approximation error studies on scn.
1, where ag is varied within [10 600] rad/s.
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Eigenvalue movement of scn. 2: g0 [10 600] rad/s
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Figure 5.2: Eigenvalue movement and approximation error studies on scn.
2, where a4 is varied within [10 600] rad/s.
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Eigenvalue movement of scn. 3: aFa,0 [10 600] rad/s
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Figure 5.3: Eigenvalue movement and approximation error studies on scn.
3, where aq = aq and varies within [10 600] rad/s.
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Eigenvalue movement of scn. 4: dJ [10 600] km
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Figure 5.4: Eigenvalue movement and approximation error studies on scn.
4, where the DC-cable distance d is varied within [10 600] km.
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Eigenvalue movement of scn. 5: PO [-1000 0] MW
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SYMBOLIC EIGENVALUE EXPRESSIONS

Figure 5.5: Eigenvalue movement and approximation error studies on scn.
5, where the stead state of the transmitted active power at VSC2 Py is
varied within [-1000 0] MW (AC—DC is the positive direction).
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Eigenvalue movement of scn. 6: G=C,=C [ [4.9 146.5] uF (t 0 [1 30] ms)
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Figure 5.6: Eigenvalue movement and approximation error studies on scn.
6, where the DC-shunt capacitor is varied within [4.9 146.5] uF (equivalent
capacitor charging time constant 7, is varied within [1 30] ms).
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Figure 5.7: Eigenvalue movement and approximation error studies on sc-
n. 7, where the DC-cable inductance density [, increases from 0.316 to
1.415 mH/km while the capacitance density c. decrease from 0.138 to 0.0139
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5.2 System properties

After achieving approximate symbolic expressions for the system poles, the
impact of physical and of control parameters are evaluated in this section.

5.2.1 Trends of the real parts of the eigenvalues

From eq.(5.5) and eq.(5.11), it is known that if the roots are complex then
the real part of the system eigenvalues are given as follows, where the ap-
proximation is based on the fact that the difference between terminal volt-
ages are so small that they can be neglected compared with the other terms.

58

)\1 + )\2 =2x Re{)\lg} = —O.5(a + d—e + 2Rdc/de)

1. C ldeo , 1 1 Ry,
= —=|—\(aq + agr) + — —
2 [Ctot ( ¢ df) Ctot ('Udclo Vdc20 de
C Ry
~ — — 1
5C (ad + Cldf) T (5 5)

>\3 + )\4 =2x% Re{A374}

C Py ( 1 1
Cot Ugclo Ugczo

(aq + aqr) (5.16)

:—O.B(a—i—d—e):—%[ )

T 261tot

It shows that:

1

By increasing aq or ag, all system eigenvalues will move to the left,
away from the imaginary axis with the corresponding rate of change
C'/Cio/4. This is verified by Fig. 5.1 - Fig. 5.3, i.e. when either a4
or aqs increases, both well and poorly damped pole pairs move away
from imaginary axis at the same rate.

By increasing the cable length or decreasing the magnitude of DC-
shunt capacitor C, the ratio of C/Cy,; will decrease and thus the real
part of all the system eigenvalues will decrease i.e. system eigenvalues
move towards the imaginary axis as shown in Fig. 5.4 and Fig. 5.6.
By increasing the ratio between the cable resistance density and the
inductance density, the real part of the poorly-damped system eigen-
values will move (to the left) away from the imaginary axis. Howev-
er, the real part of the well-damped system eigenvalues pair will not
change very much.

Since the difference between the terminal steady state voltages is too
small, the operating point of transmitted active power Ppy will not
play an important role with respect to the real part of the system
eigenvalues. It is shown in Fig. 5.5, where the real part of both well
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and poorly damped pole pair will not change dramatically even if Py
increases from -1000 to 0 MW.

5.2.2 Trends of the natural frequencies of the eigen-

values

From eq.(5.5) and eq.(5.11), it is known that if the roots are complex, the
natural frequencies of the system eigenvalues are the given as follows, where
the approximation is based on the fact that the transmission losses (Ry.) is
much lower than the load (vge20/%4c0):

2 RdcidCO 2
M= Ao =Wl = 1— A 5.17
! ? | 172| “nt deCtot( Vdc20 deCtot ( )
1 C
)\3 : )\4 = |)\374|2 = W?Lz = §@adadf (518)

It shows that:

1

The natural frequency of the poorly damped pole pair (w,;) is domi-
nated by the shunt capacitor and cable inductance. w,; is decreased
by increasing the total shunt capacitor C;, or increasing the cable
inductance. It is verified by Fig. 5.4 and Fig. 5.6, where the magni-
tude of the poorly damped pole pair decreases dramatically if either
the DC-shunt capacitor increases (and thus Cy, increases) or the DC-
cable distance increases (and thus L, increases).

For the well damped pole pair, the natural frequency w,2 mainly de-
pends on the choice of control system bandwidths aq and aq, which
is shown in Fig. 5.1 - Fig. 5.3.

Since the coefficients of both approximated pole polynomials (eq.5.5
and eq.5.11) are positive for all physical and control parameters, the
VSC-HVDC system under study is always stable. Due to the fact
that large relative errors appear at scn. 4 (d € [10,600] km), it may
have unstable poles when the DC-transmission line is extremely long
but also suffer from large DC-voltage drops. Consequently, for reason-
able DC transmission distances, the two-terminal VSC-HVDC system
under study is always stable with all physical and control parameters.

5.2.3 Trends of the damping ratios and characteristic

frequencies

For a second order polynomial A2 + k; - A 4+ ks = 0 with two complex roots,
the characteristic frequency is wy = \/ks — k?/4 and the damping ratio is

¢ = k1/+/4ks. It implies that by increasing k; and decreasing ko, the system
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characteristic frequency decreases and the damping ratio increases and thus
the system has better dynamic performance.

For the poorly damped pole pair A 2, we have:

C Ry, 2
ky =~ —; k=
! QCtot (ad * adf) * de’ ? deCtot
C Rdc deCtot
5.19
G~ [QCW (ag + aqr) + de] 3 (5.19)
2 1. C Ry
2~ - €12 2
“o deCtot 4 [2Ctot (ad * adf) * de] (5 O)

1 We can increase the poorly damped system damping ratio by increas-
ing the VSC shunt capacitor C' (which is shown in Fig. 5.6) or the
system bandwidths ag, a4 (which is shown in Fig. 5.1 - Fig. 5.3). For
fixed cable resistance Ry, (; decreases when L. increases (which is
shown in Fig. 5.7).

2 Since ky > k?/4, the characteristic frequency of poorly damped sys-
tem decreases when either the DC-cable inductance [, increases or the
converter shunt capacitor C' increases.

For the well damped pole pair A3 4, we have:

C 1 C
ki ~ 5
175 Cr (aq + aq); 2= 5 Cr ——QqQqf
C ag+ aq+ g e 1 ad adf
= 5.21
G2 Chot \/ 8adad Ciot 2 Qgf ad) (5:21)
, 1C

~ iaadadf 16 [Ctot (ad + adf)] (522)

1 It is known that agq/agq + aq/aq > 2 where the equality holds when
aq = aqr. Therefore, (o > /C/2/Ciy, and with a larger difference
between a4 and a4, the damping ratio of the well damped pole pair
will increase. This is well illustrated in Fig. 5.1 - Fig. 5.3. When
aq = agr (Fig. 5.3), the eigenvalue movements with different a, and a;
is in a line where they have similar damping ratios. However, when
only one of aq and a4 changes and the other one is kept constant,
the damping ratio of the well damped system will decrease first until
aq = aqgr = 300 rad/s and then decrease as the difference between a4
and agqs increases.

2 The characteristic frequency of well damped system increases when
aq and ag increase.
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5.3 Symbolic eigenvalues of a MTDC system

In this subsection, the proposed method will be applied to an MTDC sys-
tem. Assuming that, within an MTDC system, there is only one converter
controlling the DC-voltage and the other converters control their transmit-
ted active power between the AC- and DC-grid nodes.

The MTDC system can be described as: one DC-voltage controlled VSC
with its shunt capacitor (2nd order system G.(s)); one RLC' Ry DC-grid
(Gae(s)), where Ry describes the active power controlled VSC and, at the
converters’ steady states, Rjo = v.;o/ Pjo of the jth VSC. The block diagram
of an autonomous MTDC system is depicted in Fig.3.

Aiger GUSC(S) Avga

Gac(s)

Figure 5.8: Block diagram of the MTDC system with zero input signals

In addition, the parameters of the DC-grid are assumed to be fully
known and the parameters at the DC-controlled VSC have free values. The
purpose is then to understand the influence of the design bandwidths (aq,
aqr), and the chosen shunt capacitor (C}) on the dynamics of Avgq within
an MTDC system.

5.3.1 Symbolic-Isolation method

If only the DC-voltage controlled VSC contains symbolic design param-
eters, we can treat it as a port and reduce the DC-grid by a standard
model-reduction approach such as based on the Arnoldi Algorithm [38]. S-
ince this model order reduction algorithm in the state space do not change
the input/output port structure and only one port is needed, the isolated
symbolic method [36] is simple and straight forward to apply here.

For the linear DC-grid dynamic system, the input signal is the voltage
of the DC-voltage controlled VSC (Awvge1) and the output is the DC-current
flow into the DC-grid (Aig.). The DC-grid model can be described as
follows, where ugem = AVget, Yaem = Aiger and assume Zge, € R Baen,
Caem and Gy, are constant matrices of appropriate dimensions.

dZgem
Cdcm% + Gdcmxdcm = Bdcmudcm (523)

Ydem = chmxdcm (524)
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In order to apply the symbolic solution, obtained in the subsection 5.1,
the DC-grid system has to be model reduced into a second order system,
where the new dynamic states zg4., are calculated based on Zgem, = Viem Zdem.
The transformation matrix V., € R?? is then calculated based on the
block Arnoldi algorithm [39]:

Arnoldi Algorithm

i Solve v; from: Gy = Baem.-
ii Compute hy; = ||v1]| and v = 01/hq;.
iii Solve Uy from: G gem¥s = Claem?1-
iv Compute h12 = U{@g, Wo = ﬁg—vlhlg, h22 = ||w2|| and Vg = wg/hgg.
v Finally Ve, = [v1 vg]

The new second order state space model of the DC-grid is then given
as fOHOWS, where Cgern = VdJ;mCdcdecma Gaem = ‘/ClzgmGdcdecm> Baem =
‘/;lj;decm and F dem — F dcdecm:

dzdcm

dt = _C’C?Cinédcmzdcm + C’C?CiancmAvdcl (525)
_ |:az11 azl2:| e + [bzl} Avger
Az21 G222 b.2
Aidd = chmzdcm = |:Czl 022} Zdem (526>

In order to make the 4th order state matrix of the reduced order MTDC
system to have the same structure as A,, a similarity transformation is
required for the above 2nd order system. The similarity matrix is T, where
Zdem = Tzdcm:

T _ Cz1 Cz2
k-by —k-by
2 2
_ Gz12C5 — A21C + C21C22(Az02 — Gz11)
(bzlczl + bz2cz2)2

k= (5.27)

5.3.2 Study case: three-terminal VSC-HVDC system

The study system is depicted in Fig. 4, where station 1 controls the DC-
voltage and the remaining converters control the transmitted active power.
Each of the DC-lines is modeled as a single II-section with parameters given
in Tab. 5.1.
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| Line 1
Station 1 I
: ldel
| Ude Line3  Udc3

Station 3

_“—@i

Figure 5.9: Study case 1: ‘Y’-shape three-terminal VSC-HVDC system

Table 5.3: DC-grids dynamic parameters

Property Value

Rated DC-voltage of station 1,2,3 640 [kV]
Operating point of active power of station 2 | -600 [MW]
Operating point of active power of station 3 | -400 [MW]

Shunt capacitor of station 2,3 20 [uF]
Distance of Line 1,2 100 [km]
Distance of Line 3 200 [km)]

For fixed set points of v40, Pjo, 7 = 2,3 and cable length (which are
shown in Tab. 3), the equivalent resistances R,y are countable, i.e. Ry =
—667 [Q] and Rgo = —1003 [Q]

In the study case, the state space model matrices are given below, where
Ligcj, Racj, Cacj are the inductance, resistance, capacitance (one in each side
of the cable) of the j-th line and C} is the shunt capacitor of the j-th VSC.

T _ [ . . )
Lgem — [chl Vde  tdc2 Vde2 dc3 Udc3:|7

Cdcm = diag{dela Cdcl + Cdc2 + Cdc37 de27 Cdc2 + C27 de37 Cdc3 + 03}

R,y 1 0 0 0 0 1]
-1 0 -1 0 =1 0 0
0 1 Ryo -1 0 0 0
Gdcm - 1 Bdcm -
00 1 £ 0 0 0
0 1 0 0 Rgs -1 0
o 0 0 0 1 4+ 10
L 30 |

Fim=1[100 0 0 0]
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The poles of the above DC-grid system are located strictly in the left
half plane. Therefore, the system in this study case is stable but not pas-
sive. (Note that the DC-grid involves active elements in contrast to the
transmission line only.)

The transformation matrix V., is applied here to reduce the DC-grid
dynamic system into a 2nd order system. After similarity transformation,
using the matrix 7' eq.(35), the numerical second order state space model
is:

4 [-948 —2238 28] ,
atcdem = 11315 283 | Pdem T | o | SUdel
Az.dclz []- 0] Zdem (528)

The bode plot comparison is given in Fig. 5. It shows that the reduced
2nd order model characterizes the original system well for w < 700 [rad/s|.

Bode Diagram of DC grid dynamics

0 T T T
6th order DC—grid model
Reduced 2nd order DC-grid model

|
N
o

Magnitude (dB)
A
o

-60
180 T T T

©
o
T
1

Phase (deg)
o

-90k .
10 10 10 10 10
Frequency (rad/sec)

Figure 5.10: Study case 1: Bode plot comparison
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5.3.3 Extended method for multi-terminal VSC-HVDC
system

After the model order reduction of DC-grid dynamics, the state space model
of the MTDC system is:

d 1 > re
3= A + B, - Avyd (5.29)
g=Cs-2=1[0 1 0 0] &= Avga (5.30)
T [Alload ArUdcl AZdc ArUdc}
R il e evr e e il
) 1 _ a4C1v4¢10tde10 __1 0
AS — Ctot Ctotvdclo Chot
0 22.8 —94.8 —22.8
0 0 11315 28.32
Bg: [adfadcgjcl ad% 0 O:|

With the proposed method, the characteristic polynomial of A, can be
approximated as follows, where a, b, e are defined in eq.(5.3), ¢ is the shut
capacitor at station 1 i.e. ¢; = Cy and in this study case, ¢, = 88.4 - 1075,
Ry./Lg. = 94.8, f = 28.32:

det(A — Ay) = p1(N\)p2(N)

) ca(a+e)—af R cit+e, 1 Ry
A) =N+ + =) A+ -
) ( 1+ C L. C1 (deC2 de>
ﬁ2<)\) _ )\2 X 01<CL+ 6) — Cgf)\ X (aeq — b)
C1+ Co 1+ ¢

Compared with the two-terminal VSC-HVDC system with parameters
given in Tab. 5.1, both the shunt capacitor at station 2 and the ratio of
Lge/Rg. increase, implying that the damping ratio of the poorly damped
pole pair will increase. In addition, the poorly damped poles move further
away from the imaginary axis and the well damped poles move towards the
imaginary axis. The numerical result for the system poles is given in Tab. 4,
which as well supports our conclusion. Consequently, the MTDC has better
damping performance compared with the two terminal VSC-HVDC system
for the poorly damped pole pair but worse damping performance for the
well damped pole pair.

Note that the system parameters of the two-terminal VSC-HVDC study
case is listed in Tab. 5.1, where the DC-cable length is 100 km. Replacing the
active power controlled converter in the two-terminal VSC-HVDC system
by another two connected DC-cables and active power controlled converters
at the terminal respectively, the MTDC system is constructed as shown
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Table 5.4: Eigenvalues of MTDC system

Study case Eigenvalues
Two-terminal -158+41511i | -158-1511i | -1104-1471 | -110-1471
MTDC -66+781i -66-781i | -77-1972i | -774+1972i
-178+1061i | -178-1061i | -484112i | -48-112i
4th order MTDC | -254+1037i | -254-10371 | -48+4+112i | -48-112i

in Fig. 4. The MTDC system has two dynamic states of the DC-voltage
controlled converter and six states of the connected DC-grid, where those
eight eigenvalues of the MTDC system are listed in Tab. 4. The 4th order
MTDC system is calculated by reducing the sixth order DC-grid model to a
second order system, which implies that the variations of the well damped
pole pair (dominated by the control parameters a; and aq) after model
reduction are ignorable.
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Chapter 6

Summary of included papers

This chapter provides a brief summary of the papers that constitute the
base for this thesis. Full versions of the papers are included in Part II. The
papers have been reformatted to increase readability and to comply with
the layout of the rest of the thesis.

Paper 1

Y. Song and C. Breitholtz, Nyquist stability analysis of a VSC-
HVDC system using a distributed parameter DC-cable model,
19th IFAC World Congress, August 2014, Cape Town, South
Africa.

In this paper a two terminal VSC-HVDC system embedded in a strong
grid AC-environment is considered, emphasizing modeling, controller design
and small-signal stability analysis.

Under assumption of strong grid AC-environment, the dynamics of the
PLL and the g¢-axis of the converter measured input current are ignored.
The VSC is modeled as a third order system for the DC-voltage controlled
side and as a second order system for the active power controlled side.
Traditionally, DC-cables are most often modeled by a single II-section and
the VSC-HVDC system is consequently modeled as a sixth order system,
where the system stability can be investigated through eigenvalue calcu-
lation. However, when using Il-section cable model for higher frequencies
or in case of transmission over long distances and higher cable impedance
density such as submarine cables, approximation accuracy aspects ought to
be considered. In this paper, a distributed parameter cable model, based on
the damped wave equation, is used to overcome this potential limitation.

The VSC-HVDC system with a distributed parameter DC-cable model
can be described by two cascaded blocks. The first block is a transfer func-

67



CHAPTER 6. SUMMARY OF INCLUDED PAPERS

tion that will be different, due to which input and output variables that are
considered, but is in all realistic cases stable. The second block is a feedback
loop, where the forward path is a rational function and the return path is a
dissipative infinite dimensional function, that remains the same in all cases.
For a VSC-HVDC system with a single II-section cable model, the return
path of the feedback loop is a first order improper transfer function, which
has similar characteristic frequency properties as the distributed parameter
cable model in the low frequency band. The stability for both cable models
is then analyzed, using the Nyquist criterion in a straight forward manner.

Two examples have been illustrated, showing that in both cases with
either the rectifier or the inverter working as DC voltage controller, the
VSC-HVDC system with distributed parameter cable model is stable for
three different cable distances d=50km, 150km, 450km. Similarly, the VSC-
HVDC system with a single [I-section cable model is also stable under the
above study cases.

Paper 2

Y. Song and C. Breitholtz, Nyquist Stability Analysis of an AC-
grid connected VSC-HVDC System Using a Distributed Param-
eter DC-cable Model,IEEE Trans. on Power Delivery, vol. 31,
no. 2, pp. 898 - 907, April 2016.

In this paper a two terminal VSC-HVDC system embedded in a weak
grid AC-environment, represented by an inductance and a resistance in
series, is considered. Modeling, controller design and small-signal stability
analysis are emphasized.

Under assumption of weak grid AC-environment, the dynamics of the
PLL and the AC-grid have to be considered. The d-axis and g-axis currents
are coupled due to the AC-grid dynamics. For the active power controlled
VSC, the feedback loop stability would not be influenced by the weak AC-
grid. Similarly, the stability of the active power controlled VSC could be
analyzed without considering the DC-side influence. Consequently, the sta-
bility analysis of two terminal VSC-HVDC systems embedded in a weak
AC-grid can be separated into two parts: the active power controlled VSC
and the VSC-HVDC system while the active power controlled VSC is under
steady state.

The stability of the first part is analyzed by the small gain theorem,
which shows that for SCR > 2.7, provided the parameter values are taken
from Table 1, the active power controlled VSC embedded in a weak AC-
environment will always be stable. The second part is analyzed by the
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Nyquist criterion. Similar to the strong AC-grid case, the system can be
described by two cascaded blocks. The first block is a transfer function
that will be different, due to which input and output variables that are
considered but is in all realistic cases stable. The second block is a feedback
loop, where the forward path is a rational function and the return path is a
dissipative infinite dimensional function, that remains the same in all cases.
Note that all the blocks, however, will be somewhat more complicated than
in the strong AC-grid case.

One typical case has been investigated. Examples with different oper-
ating points Py and different SCRs of the connected AC-grids have been
studied, showing that the VSC-HVDC system with a single II-section cable
model is sufficient to prove system stability, independently of the DC-cable
length and impedance density.

Paper 3

Y. Song and C. Breitholtz, On passivity based measures of ro-
bustness for a VSC-HVDC system connected to weak AC-grids,
to be submitted for possible journal publication, 2016.

In this paper, a modified “mixed” small gain and passivity theorem
is proposed, which is applied to analyze the stability robustness of a two
terminal VSC-HVDC system embedded in a weak grid AC-environment.
Modeling, controller design and small-signal stability analysis based on a
modified “mixed” small gain and passivity theorem are emphasized.

For constant power control of electrical devices, such as in a VSC-HVDC
system, the input power P = E - i to the converter is controlled to a con-
stant value, the linearized relationship between input current Ai and the
PCC voltage AF is given as follows, where AP is assumed zero due to the
constant power control:

Ezi = AE:%AP—%N:—%

Ai

Therefore, for positive input power, the converter admittance system
(from AE to Ai) is not passive in the low frequency band. However, the
interconnected AC-grid is always passive and even dissipative for non-zero
AC-grid resistance, which enable the passivity theorem as an attractive and
powerful tool to analyze the system stability but not fully applicable due
to passivity invalidation of the converter admittance. Another important
result in the stability theorem of feedback interconnection of two input to
output stable LTI systems is the small gain theorem. However, the upper
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boundary of the AC-grid impedance system is not bounded for series RyLg-
circuit.

Consequently, the idea of merging those two theorems would be poten-
tially extremely useful. The modified “mixed” small gain and passivity
theorem shows that the negative feedback interconnection of two stable
LTT systems is input to output stable if in a certain frequency band, both
subsystems are passive and at least one of them is strictly passive; in the
remaining frequency bands, the loop gain is strictly less than one.

The stability analysis of two terminal VSC-HVDC systems embedded in
a weak AC-grid can be separated into two parts: the active power controlled
VSC and the VSC-HVDC system while the active power controlled VSC is
under steady state. It shows that, by designing the ¢-axis outer controller
to compensate for the PLL dynamics, the active power controlled converter
(the first part) can be designed to have passive converter admittance for all
frequencies and thus the system is stable under all kinds of connected AC-
grids. In addition, at the DC-voltage controlled converter side (the second
part), the stability sufficient condition with respect to the AC-grid SCR is
studied based on the mixed small gain and passivity theorem. It shows that
the system robustness can be increased by designing "¢/ = P/ / Ej; instead
of irf = Prel | E.

Paper 4

Y. Song, C. Breitholtz, G. Stamatiou, and M. Bongiorno, Ana-
lytical investigation of poorly damped conditions in VSC-HVDC

systems, accepted for presentation at the 55th IEEE Conference
on Decision and Control, Las Vegas, USA, Dec, 2016.

In this paper, strong AC-grid connected VSC-HVDC systems are stud-
ied, which implies that the dynamics of the PLL and the g-axis of the con-
verter measured input current are ignored. In addition, by designing the
DC-voltage controller as a P-controller and assuming the active power con-
trolled converter to operate at steady state, the two-terminal VSC-HVDC
system can be described as a fourth-order state space model (minimum or-
der). Symbolic eigenvalue expression and the impact of physical and control
parameters on the system stability are emphasized.

The characteristic polynomial of the 4 x 4 state matrix A, can be seen as
a product of two second order polynomials p;(\) and py(\). It shows that
p1(A) has poorly damped roots, which are strongly dependent of the DC-
cable length; py () has well damped roots (and may even be real), which are
to a low extent dependent of the DC-cable length. Consequently, by letting
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the DC-cable length to approach zero, the system will reduce to a second
order system where the characteristic polynomial of the new 2 x 2 state
matrix can be assumed to approximate the well damped polynomial ps(A).
Therefore, the approximated poorly damped polynomial is calculated by
p1(A) = det(A — Ag)/pa(N).

The approximated symbolic expressions of p;(A) and py(\) are given
as follows, which are used to analyze the impact of physical and control
parameters on the pole movements.

Ry 2
CIN+
de dectot

C
pl()\) ~ )\2 + [

5C (ad + adf) +

1
(ad + CLdf))\ + =

NP
p2( ) + 261tot

2C0 fata

For an MTDC system, it is assumed that there is only one convert-
er controlling the DC-voltage and the remaining converters control their
transmitted active power between the AC- and DC-grids. In addition, the
DC-voltage controlled VSC keeps symbolic physical and controller param-
eters, while the remaining converters and the DC-grid parameters are as-
sumed numerically known. The symbolic-isolation method is applied to
reduce the system order into four and thus enables the proposed method to
derive the approximate eigenvalues of the system in symbolic expressions.

A three-terminal VSC-HVDC system is investigated as an example,
which shows that, compared to the two-terminal VSC-HVDC case, the
MTDC has better damping performance compared with the two terminal
VSC-HVDC system for the poorly damped pole pair but worse damping
performance for the well damped pole pair.
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