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Abstract: This paper investigates the dynamic behavior of a modular multi-level converter
(MMC)-based HVDC link. An overall state-space model is developed to identify the system critical
modes, considering the dynamics of the master MMC and slave MMC, their control systems, and the
HVDC cable. Complementary to the state-space model, an impedance-based model is also derived
to obtain the minimum phase margin (PM) of the system. In addition, a relative gain array (RGA)
analysis is conducted to quantify the level of interactions among the control systems of master and
slave MMCs and their impacts on stability. Finally, with the help of the results obtained from the
system analysis (eigenvalue, phase margin, sensitivity, and RGA), the system dynamic performance
is improved.

Keywords: HVDC; MMC; mutual interactions; small-signal analysis; state-space model

1. Introduction

Modular multi-level converter (MMC) has emerged as the preferred choice for voltage source
converter (VSC)-based HVDC systems mainly due to low losses, low harmonic distortion, scalability,
and redundancy [1,2]. However, the control design for an MMC is more challenging as compared to
a conventional two-level VSC, which is due to the extra control actions required for the regulation of
the internal energy balances. The different control schemes proposed in the literature can be classified
as follows. First, the non-energy-based control method (also known as uncompensated modulation)
in which the internal energy of the MMC is not explicitly regulated [3—7]. This control approach is
asymptotically stable but the transient response of MMC depends on the converter impedance rather
than being dictated by the control actions, which leads to slow and undesirable dynamics [8]. Moreover,
it imposes parasitic circulating current components that require additional current control loops to
attenuate them [3]. An alternative approach is to implement an energy-based method, also known as
compensated modulation or closed-loop modulation [8-11]. This control method does not generate
parasitic voltage components, but energy controllers are required to ensure an asymptotically stable
system [12].

Considering the energy-based method, several control loops are required to achieve certain
objectives. Commonly, these control loops are structured to form a cascade control in which the outer
control loops generate references for the inner loops. The outer control loops involve the energy
control, DC voltage control (in case of master MMC), and active power control (in case of slave
MMC), which provide references for the grid current control and the additive current (also known as
circulating current) control [8]. The design and tuning of these control loops are challenging since there
is a strong coupling among them [13,14]. For instance, a change in the energy reference of the slave
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MMC would cause a transient in the DC voltage of the master MMC, and vice versa. These interactions
can reduce the stability margin of the system and even lead to instability [15].

Hence, in a system with strong coupling among control variables, the design and tuning of
a control loop needs to be conducted such that the overall stability margin of the entire system is
maintained and an elevated level of interactions among control loops is avoided [16]. In fact, if the level
of interactions among control loops is not considered during the design of a control loop, the attempts
to obtain a locally optimal control loop with fast response and suppressed over/undershoot may force
the entire system to operate in a high interaction conditions with reduced stability margin.

In order to evaluate the system stability and the level of the interactions among control loops,
a linear model of the MMC-based HVDC system is needed, which can be derived using one of the
following modeling approaches:

e  State-space modeling based on dg transformation [8,11,14,17]: in this modelling approach,
the electrical circuit equations of an MMC are commonly transformed to dg-frame and expressed
in state-space equations. These equations are interconnected to the state-space equations of
the control loops based on the similar input/output signals in order to formulate an overall
linear model of an MMC. Although this modeling approach offers a high level of modularity,
the inclusion of the circulating current harmonics in the modeling is challenging [11].

e  State-space modeling based on the dynamic phasor [18-22]: this modeling approach is also based
on the state-space modeling techniques, but the system is in abc-frame. It is a suitable modeling
method for studying the impact of harmonics on the system stability [18].

o Impedance-based modeling [23-25]: in this modeling approach, the impedance of the MMC at
the AC and DC sides are analytically computed. A major advantage of this method is the ability
to judge the system stability margin [23].

Once the linear model of an MMC is derived using one of the above-mentioned methods,
the model should be extended to include the dynamics of other system components, such as the
HVDC cable, to formulate the overall linear model of the system suitable for stability assessment and
interaction analysis. Several studies have only focused on the linear model of a single MMC and,
to some extent, ignored the dynamics of either DC or AC networks. In [26], a simplified model of
an MMC is developed aiming for adopting a sliding mode control in abc-frame, which simplifies the
complexity of the dg-frame transformation related to the MMC circulating current. The linear model
of an MMC is derived for the system stability assessment in [6], and the control system is designed
based on the linear model [27]. However, the linear model does not include the dynamics of the slave
MMC. In [14], a linear state-space model of an HVDC system is derived to analyze the system transient
response, suggesting alternative controllers to improve the converter dynamic behavior. However,
it does not provide information on the system phase margin (PM) and the interactions among the
control loops are neither addressed.

In this paper, a procedure is suggested to include two key global aspects of an MMC-based HVDC
link in the control system design: (1) the overall PM of the system, and (2) the level of interactions
among the control loops. Two linear models that accurately capture the dynamics of the master and
slave MMC:s, their control systems, and the HVDC cable are developed to identify the control loop
with the most adversary impact on the system overall dynamics, and design this control loop with
the consideration of the overall performance of the system, rather than only focusing on the local
performance requirements such as the maximum over/undershoot.

The rest of the paper is organized as follows. In Section 2, the configuration of the HVDC link and
the control system of MMC are described. In Section 3, the state-space equations of the complete system
are derived and linearized, which are later used in Section 4 to build an overall state-space model of the
system. In Section 5, complementary to the overall state-space model, an impedance-based model is
derived to provide additional insight into the dynamic behavior of the HVDC link. Once the two linear
models are derived, the system stability is studied and the critical modes are identified through
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an eigenvalue and participation factors analysis in Section 6. Moreover, the system minimum PM is
calculated through an impedance-based analysis using the Nyquist plot, and the level of interactions
among control loops is studied using a frequency-dependent relative gain array (RGA) analysis. Finally,
in Section 7, based on the results achieved from the system analyses, the stability of the system is
improved by tuning the DC voltage control loop.

2. System Description

A typical HVDC link between two AC networks is shown in Figure 1. In such configuration,
the master MMC regulates DC voltage while the slave MMC controls active power exchange [27].
Either AC voltage or reactive power can be regulated at both ends.

AC network 1 Master Slave AC network 2
Fo— o __
AV

o) ) HVDC cable (O )4
=log—— i/ 'V
V.. control P control

Figure 1. Multi-level converter (MMC)-based HVDC link.

The average-value model of the MMC structure connected to an AC network is presented in
Figure 2. Compared to the detailed model, the IGBTs of submodules are not explicitly modeled and the
MMC dynamics are represented by controlled voltage and current sources [2,28,29]. In [30], it has been
shown that the average-value model accurately replicates the dynamic performance of the detailed
model, and it is significantly more efficient for simulation time steps.

o
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Figure 2. Average-value model (AVM) of MMC connected to an AC network.
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Referring to Figure 2, the MMC consists of six arms, each of them contains Ny, half-bridge
submodules with a capacitance Csy; and an arm reactor connected in series. The three legs,
corresponding to three phases, can be divided into upper and lower arms. The six arms synthesize
the required AC and DC voltages to achieve the desired power exchange between the AC and DC
sides. The control system of both MMCs is based on the energy-controlled approach and presented
in Figure 3. The grid side current controller tracks the current references sent by the outer control loop.
In the case of the master MMC, the DC voltage outer control loop provides the g-axis current reference,
whereas, in the slave MMC, it is provided by the active power control loop. In both cases, the d-axis
current reference is given by the reactive power control loop. In addition, the energy balancing and
total energy control send the circulating current reference for the inner current controller. Furthermore,
a Phase Locked Loop (PLL) tracks the AC voltage in the point of connection with the AC network.
The outputs of both the current control systems (grid side and circulating) are used to generate the
six-arm voltages. Finally, the modulation and cell-balancing algorithm are responsible for generating
the required voltage through communication with the submodule switches.
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Figure 3. MMC energy-based control system.

3. System Modeling

In this section, a non-linear model of an MMC-based HVDC link is derived. This non-linear
model is then linearized to obtain an overall linear model of the system. More details and explanations
are provided in [8].

3.1. Modular Multilevel Converter (MMC)

Figure 2 shows the MMC average model electrical circuit. The equations per phase are

Vfc—v{,—v(]g—vn:

R dil, j dil
aly + La—— + (Rs + Rg)is + (Ls + Lg)

e 1
dt dt M
~ Vit —og o =
J dil y dil
— Rai) — La—% + (Rs + Rg)il + (L5+Lg)d—ts, @)

dt
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where, R, and L, are arm resistance and inductance, Rs; and L; are AC grid filter resistance and
inductance, V3¢ and VlClC are upper and lower voltages of the HVDC link. The AC grid current and
Thévenin voltage are, respectively, ié and v;, while the voltages applied by the upper and lower arms
are ZJL and v{ . The currents flowing through the upper and lower arms are indicated by i{, and i{,
respectively.

The following variable change is common in MMC modeling [8]

i a i
Vg = 5 (—ou+ 7)) ; - 1
a2 g Vi = —Tyge + 50%um
v]sum :’U{A+U; . . 2
i j
. . . UV, = V4iee + =0
ium £ 5 (il + 1) P g @)
2 R i = i+

RéRS—‘-R +7;1 u 2 S sum

¢ 2 il = — il + il
La L5+Lg+7” 2

where Uiliff is the differential voltage, approximately equal to the AC voltage at the point of connection
and iéum is the additive current circulating from the upper to the lower arm of the leg j (j = 4,b, c).
The additive voltage is indicated by véum and it is approximately equal to the sum of the DC poles
voltages. Then, adding and subtracting (1) and (2) and using the variable change given by (3) would
lead to

1 i i i dij

E(VSC_VIdC> + Vg — Vg — Un = RléJrLcTtS @
j dc dc Il di];um

Usum — (Vu +V ) = —2Rpisum — 2Lq it ®)

Equations (4) and (5) are decoupled and only contain a single derivative term (i, and iLym).
Hence, they are suitable for state-space representation. The current i, contains AC and DC terms
which impact the performance of the control system in various aspects. The DC term of i£um can be
transformed into (¢B0) frame. The zero component is used for the control of the power flow into the
DC grid, while the (#8) components regulate the internal power exchange between legs. The AC term
of iLum contains (4 — 0) sequences. The zero sequence is controlled to zero, avoiding AC distortion in
the DC grid, whereas (+—) sequences can be used to regulate the internal power exchange between
upper and lower arms of each leg. A comprehensive discussion can be found in [8].

Since i, contains AC terms with various frequencies, the transformation into (gd) frame becomes
complicated. However, these components are relevant for the DC pole imbalances studies [31].
Considering only the DC term of iéum, the system becomes suitable for linearization. Using the
following definitions

1
Voit = 5 (Vi€ = V), v 2 vie e (6)

combined with (4) and (5), yields

d'ubc
oll — 0t 4 (VES —0,)(111)7 = RZ3i®™ + LT ;St @)
diaﬁodc
oifde _ yde(001)T = —2R, Z5itf00 — 21,7, L ®)

where 7, is an identity matrix of order n. Combining (7) and (8) and considering only the DC term of

iLum, three linear state-space equations can be derived. The three state variables are Ai{, Ai?, and A%< .
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3.2. MMC Control

The detailed control system of master/slave MMC is presented in Figure 3. The control system
has two main parts detailed above; the grid control and the energy control parts. This control system
is used in the nonlinear model of MMCs. However, for the small-signal analysis, it is assumed that the
internal energy balance is properly performed; so only a total energy control is required to regulate the
zero component of iLum [32]. Based on this assumption, the linear model derivation can be simplified
while maintaining a high level of accuracy. More details and information regarding the linearization
of the PLL and active power equation are provided in [33]. The control system with total energy
control is presented in Figure 4. The master MMC has two main closed-loop cascaded control systems,
which are DC voltage control V€ and total energy control W;; (which generates the reference for the
inner additive current (i295) control loop). In the case of slave MMC, it has an active power control
loop P, and again a total energy control. For the sake of clarity, the master and slave MMCs are
indicated as MMC 1 and MMC 2, respectively.

V2
L
) Qe
qd TV
U,. t de
diff -——
’ 73 Uy v
)\ '(5+ de*
\).</ * PI Vac ‘/t ¢
Iy
DC voltage loop
Energy loop

Figure 4. The control system of the master MMC in linear model.
3.3. HVDC Cable

The HVDC cable is modeled using a lumped parameters vector fitting method introduced in [34].
In the present case, as it is shown in Figure 5, a five-section model is considered to account for the
hyperbolic correction factors, which makes the model more accurate, in particular for long cables.

AC Network 1 i iy AC Network 2
A, —o> - - bo—H __
de ail T
al'); V|Seed | +ee [Sees |V L)
= i o] L | o N

]

T
&

2

de

=

N|Q||

IH

Figure 5. HVDC cable model based on lumped parameters vector fitting method.
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4. System Overall State-Space Model

The purpose of this section is to formulate a linear state-space model with the desired
input/output pairs, which is suitable for the eigenvalue analysis and the control interactions studies.
To obtain this model, the individual state-space models of the master and slave MMCs (MMC 1 and
MMC 2), their corresponding control systems, and the HVDC cable are interconnected together based
on the similar input/output signal names. The overall state-space model of the HVDC link is given by

A% = AAx+BAz, Ay = CAx + DAz, )

where Ax is a state vector including 43 states of the entire HVDC link, Az is a vector of the system inputs,
and Ay is a vector of desired outputs. The overall model has 43 state variables and the input/output
vectors are selected as follows

Az =(AVES, AR5, AW}, AW, AvlY, AvT, AQT, AQ)

Ay =(AVES, APy, AWy, AWp). (10)

The overall linear model of the HVDC link based on the state-space equations is presented in
Figure 6. As mentioned earlier, in the linear model, only the total energy control loop of MMCs is
considered, assuming that the energy balance between the legs and upper and lower arms is performed
in an adequate manner.

The validation of the linear model is performed through a time domain simulation (see Figure 3),
in which a detailed energy-based nonlinear model of the MMC with the complete control system
is used [8]. First, the active power (P,) is increased by 20%, then reduced again by similar value.
The responses related to various variables in MMC 1 are shown in Figure 7, which confirms the
accuracy of the linear model. The parameters of the system can be found in Tables A1 and A2 of
the Appendix A.
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Ag | iAe ¥ Ag iPLL}
Ay ” AC si ad
s qdi side i AV1—> Au
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AV,,AV, HVDC Cable|<—Ai,,Ai,
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AW, Energy |T' Circ. Avsin 2\j0dc
> loop | A%< |current] , 4; sum
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"""" jqdc S| t
T —— A ~I AC side | Avii 5 AVl ave A
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Aigd A AA Ioop A S Au?
9. Li0% X — PLL <y
Au® AT A AQH LTI AU
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Figure 6. Linear model of the HVDC link with cascaded total energy control loop.



Energies 2020, 13, 2075 8 of 19

580 T — L = = & = = =& = = = = = = T
. seof S \
% saof | : \
2, 5yt I rfon-llnear model \
a s | — — linear model \A
480 . . . . . I
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
Time [s]
660 T T T T T T T
l\‘
s ]
2 \
| Y
> \/
620 1 1 1 1 1 1 ‘, 1
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
Time [s]
T — L S g (e —— T
1450 4/ \ 8
M \ T
el £ 120] \ 1
1300 \A T
1250 = el ! ! ! ! ! e — =
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
Time [s]
T T T T T T \ T
24,60 | 1
= AV .
22458 A ! g
- ~ -
Zouset | 1
/)
2454 1 1 1 1 1 1 1
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

Time [s]

Figure 7. Comparison between the transient responses of the linear and non-linear models.

The multi-input multi-output (MIMO) model presented in Figure 8 is built from the linear model.
The complete state-space model is transformed into the Laplace domain and the system transfer
function matrix, Tsys(s), relating different input-output variables, is derived.

AVIE APS AW} AWS AvE vy v av 407 4105
Y A A A A A A |
3 4 5 6 7 8 9 10

inputs 1 2
T, Sys (S)
outputs 1 2 3 4

I

AV« ap,  aw, AW,

Figure 8. Multi-input multi-output (MIMO) presentation of the linear model of the HVDC link.
5. System Overall Impedance Model

The stability of the system can be assessed using the state-space model (eigenvalues of matrix A).
In addition, to get a better insight into the system stability, the impedance model of the system can be
used for the Nyquist analysis, giving an overall estimation of the system stability margins. Compared
with the eigenvalue analysis, the impedance-based analysis of the system allows design specifications
to be readily derived for an arbitrary stability criterion (for example, the controllers can be designed
such that the system would have an overall phase margin of 45 degrees) [35].

There are several stability criteria that can be used with the impedance-based analysis, including
Middlebrook criterion, opposing component criterion, gain margin (GM) and phase margin (PM)
criterion, ESAC, and several of their derivatives. A comprehensive review is provided in [35].
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The main difference among various criteria is how conservative they are in the evaluation of the
system stability margin. In this study, the phase margin approach (PM) is implemented in which the
stability margins are defined by two line segments at an angle of =PM from the negative real axis.
The system stability can be studied either from the eigenvalues of the system, or from the Nyquist
plot of the system (the number of unstable poles of the system is equal to the number of encirclements
of —1 by Nyquist contour). However, we are more interested in the system PM as an index for the
system overall stability margin. In summary, the system stability is assessed by eigenvalue analysis,
while the system stability margin is indicated by system PM.

The HVDC link can be modelled via two Thévenin equivalent source and load models as indicated
in Figure 9. Note that, unlike the traditional impedance modeling approach (see [35]), there is no need
to find mathematical expressions for the load and source impedances (Z; and Z;). The impedances
can be directly obtained using the overall state-space model by defining appropriate input/output
signals. For instance, referring to Figure 6, the source admittance is obtained by defining a SISO system
with the input of AVj(s) and the output of Aij(s) while only the state-space models of MMC 1 are
considered. Then, Z; is the inverse of the source admittance. Using the same approach, Z; is calculated.
Note that the cable impedance is integrated into the Z;. Once the impedances are calculated, they can
be written as

Zs(s) = and Z(s) =

(11)

MMC 1 MMC 2 —| Z |—:—| Z I—
‘_ Ach . m— DcAc _‘ C-L) . y " (D
%‘

Z Z I

Figure 9. Thevenin equivalent source and load converter model.
From Figure 9, it is clear that

Z(s)

U(S) = m US(S + m UI(S). (12)

Substitution of (11) into (12) and manipulating yields

_ Ni(s) Ds(s) vs(s) + Ns(s) Di(

) or(s)
) = R DA G NE) a3)

)

Assuming that the load and the source are stable systems if they operate individually (before
interconnection), N; and Ds would have no zeros in the right half-plane. The interconnection of the
load and the source (complete HVDC link) is stable provided that (1+Zs(s)Y;(s)) does not have any
zeros in the right half-plane.

S
S

6. System Analysis

Once the system overall state-space model given by (9) and the impedance model presented by
(13) are derived, the system stability and the interactions among control systems can be studied.

6.1. System Stability Analysis

The eigenvalue analysis is conducted on the overall state-space model of the HVDC link.
The system has 43 state variables and therefore 43 eigenvalues, of which 11 states belong to MMC 1,
11 states MMC 2, and 21 states are related to cable model. Assuming the cable length is 100 km,
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the eigenvalues of the system are shown in Figure 10. In order to find critical modes, the damping
ratio (D) is defined for every eigenvalue (A;) as

D = — Re(A;)/abs(A;). (14)
4
x 10
g ¢ ' ' ' ' ' '
& ot X i
2 X
< OF X X XXX X KO0
= X
o0 2t x _
g 4 1 1 1 1 1 §|
-1400 -1200 -1000 -800 -600 -400 -200 0
Real Part

Figure 10. Eigenvalues of the HVDC link.

Among 43 system eigenvalues, 10 of them have a very low damping ratio (lower than 5%).
Hence, these 10 eigenvalues are considered to be the critical modes of the system. It is also noted that
these critical modes have a high frequency with the order of 10* rad/s. In order to find the parameters
of the system which contribute to the 10 critical modes, a normalized participation factor (nPF) analysis
is conducted. As it is presented in Figure 11, the HVDC cable parameters (capacitor voltages and
inductor currents related to the cable model) contribute to the eigenvalues 1 to 10 (critical modes with
damping ratio lower than 5%). The DC voltage PI controller of MMC 1 contributes to two eigenvalues
with a damping ratio of about 22% and frequency near 400 rad/s. Furthermore, four eigenvalues with
the damping ratios of about 70% are related to the PLLs of the MMCs. The rest of the eigenvalues are
properly damped.

100F ' '
=, 80r
.2
S 6or
&
‘3. 40r
g AN
A 20 A)

0 . o

1 5 10 15 20 25 30 35 40 43

Eigenvalue Index
@ Cable parameters DC voltage PI controller of MMC 1
(©) PLLofMMC1 (D) PLL of MMC2

Figure 11. Damping ratios of the eigenvalues for the HVDC link with a cable length of 100 km.
The parameters contributing to the eigenvalues with a damping ratio lower than 70% are marked as A,
B, C,and D.

While the eigenvalue analysis and nPF are helpful for detecting not only the critical modes but also
the main system components contributing to these critical modes, a Nyquist analysis can reveal how
far the system is from instability. In fact, the Nyquist analysis and the associated phase/gain margins
provide a single index that evaluates the system minimum stability margin. Referring to the impedance
model of the HVDC link, the Nyquist plot of (Zs(s)Y;(s)) is shown in Figure 12, which shows that
the interconnection of the source and the load would be stable (for the cable length of 100 km) and
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the system stability would have the minimum margins of PM = —22.6° (at frequency 395 rad/s) and
GM = —16.1 dB.

-

PM= -22.6°

Wc=395 rad/s ‘\

3

GM= -16.1 [dB]

o
[

Imaginary Part
(e)

-10 -8 -6 -4 -2 0 2
Real Part
Figure 12. The Nyquist plot of (Zs(s)Y;(s)) of the HVDC link with a cable length of 100 km.

Since the cable parameters are very influential to the system stability, the system sensitivity is
studied for the cable lengths ranged from 250 km to only 15 km. As it is presented in Figure 13a,
with the reduction of the cable length, the eigenvalues move towards the right half-plane, reducing
system stability margin. This is also confirmed by impedance analysis. The system PM is shown in
Figure 13b. For the cable length lower than 25 km, the PM becomes positive and represents an unstable
system. The system PM also shows saturation effects for longer cable lengths, and it changes slightly
for cable lengths longer than 160 km.

£ 1000f x x X X —
& Wxxxxxxx x X l »L J 200§
g l ’l' l 157 168 2" | Il1505,
< oF » $ A& b - =t
g 2.4 s
= e 100 -
E %xxxxx g T 50 =
X
— -1ooop | . . X.xx XXX x 158

Phase Margin [degree]

10 25 40 55 70 85 100 115 130 145 160 175 190 200
Cable Length [Km]

(b)
Figure 13. The sensitivity of the HVDC link to the cable length, (a) eigenvalue analysis, and (b) system
phase margin.

The results obtained from the linear model analysis are validated via transient responses of the
system nonlinear model. The transient response of the DC voltage and total energy control loops
of MMC 1 are shown in Figure 14. The AC power injected into the AC grid by MMC 2 is increased
by 20% at t = 0.4 s and then reduced again by the same amount at t = 0.65 s. It is observed that for
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the shorter cable length, the system exhibits higher oscillations (lower damping and smaller PM),
which is consistent with the linear analysis.
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Figure 14. The transient response of (a) DC voltage and (b) the total energy control loops of MMC 1 for

three different cable lengths.

6.2. System Interactions

Referring to Figure 4, there are four major cascaded control loops (two control loops per MMC)
in the HVDC link: thc, P,, Wy, and Wy,. The control loops of MMC 1 interact with those of MMC 2
through the HVDC cable. For instance, a step change in the total energy of MMC 2 (step change
in the reference W;};) would have impact on the DC voltage V/* of MMC 1. In order to quantify
these interactions, a frequency-dependant RGA analysis is conducted on the MIMO model shown in
Figure 15, which includes the control loop references as the inputs, and the controlled variables as

the outputs.

AVE" APF AWG AW

inputs

outputs

|

1 2
Trga (S)

1 2

3 4

I

3 4
I

AVE AP, AWy AW,

Figure 15. The MIMO model of the system used for relative gain array (RGA) analysis.

The results of the RGA analysis are presented in Figure 16. It can be observed that

e At low frequencies, all four control loops are strongly coupled with their own references,
i.e., the RGA values between the controlled variables (such as thC) and the loop references
(such as Vf¢*) are the largest as compared with the RGA values related to other control loop
references. Hence, the four control loops are well-designed for DC or low frequencies.

e The active power control loop P, does not interact with other three control loops (V/¢, Wy,
and Wy), and it is only coupled with its own reference.
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e At higher frequencies, the control loops begin to interact. As it can be seen from Figure 16,
at the frequencies near 400 rad/s, the RGA values increase, meaning that a controlled variable is
importantly affected by the references of other control loops.

e  Reference values should be changed with a limited bandwidth lower than 400 rad/s to avoid
interactions between loops.

The RGA analysis identifies the frequency range in which the control loop interactions become
significant. The control loops in the HVDC link highly interact with each other near frequency
400 rad/s (for the cable length of 100 km). Interestingly, the system minimum PM (see Figure 12)
happens near this frequency as well. It can be concluded that the interactions among control loops
may have an influence on the system minimum PM.
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Figure 16. The RGA of four main control loops.

7. DC Voltage Control Loop Design

The results obtained in the previous section can be used to improve the system performance.
The following conclusions have been extracted from the HVDC 100 km link case study:
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e The HVDC link has 10 eigenvalues (critical modes) with a damping ratio lower than 5%,
which are related to the cable parameters. The frequency of these modes are in order of
10* rad/s (see Figure 11).

e  There are two (conjugate) eigenvalues with a low damping ratio (about 22%) that belong to the PI
controller of the DC voltage control loop. Their frequency is near 400 rad/s (see Figure 11).

e The minimum PM of the HVDC link is —22.6° and occurs at the frequency near 400 rad/s
(see Figure 12).

o  The interactions among the control loops of the HVDC link begin to intensify at the frequencies
near 400 rad /s (see Figure 16).

e  The PI controller of the DC voltage controller should be adequately designed to improve the
system dynamics since it is the loop that is mainly contributing to the system modes allocated
close to the problematic frequency 400 rad/s.

Then, assuming the cable length is already fixed at 100 km, the dynamics of V/ control loop
can be simply improved by finding the right gains that improve the control loop performance.
Initially, the proportional and integral gains of the PI controller are set to 0.002 and 0.708, respectively.
These values are determined to make the outer control loop (V/) 15 times slower than the inner control
loop. Then, both the proportional and integral gains of the PI controller are multiplied by a constant kg
to find the case which is stable and has the largest PM. To do this, kg is varied from 0.1 to 10.

The system dominant eigenvalues for the range of k¢ are shown in Figure 17a. The system is
unstable for kg smaller than 0.2 and bigger than 5. For all other values of k; between 0.2 to 5 the
system is stable. The largest system PM occurs at k¢ equal to 0.55 as it is presented in Figure 17b.
Thus, kg equal to 0.55 can be selected as an adequate design candidate.
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Figure 17. The impact of DC voltage PI gain (k¢) on the system dynamics, (a) the system dominant
eigenvalues, (b) the system phase margin.

The next step is to carry out RGA analysis in order to observe the level of control loop interactions
for various values of kg. The RGA values of V€ for the entire range of kg (from 0.1 to 10) are presented
in Figure 18. Within two frequency bands, the RGA values exhibit large peaks, which indicate high
level of interactions among control loops. The RGA values related to the design candidate (kg = 0.55)
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should not have large peaks within the system frequency range which is confirmed from Figure 19.
For the sake of clarity, the RGA analysis is conducted for fewer k¢ values (0.2, 0.55, 2.5, 5) within the
defined stable range. Clearly, the RGA values for kg = 0.55 does not present large peaks, confirming

the adequacy of the design candidate.

40 High interactions among
E control loops
S 30
84—4
> 20t
< thc*
R —
10 —— Wit
— W3
0 .
10° 10’ 10 10°

Frequency [rad/s]

Figure 18. The RGA values of the DC voltage control loop for various PI controller gains (kg).
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Figure 19. The RGA values of the DC voltage control loop for four values of kg: (a) kg = 0.2, (b) kg = 0.55,
(c) kg =25, and (d) kg = 5.

In order to verify the results obtained from the frequency-based design, a time-domain simulation
is conducted on the HVDC link for the four values of k¢. The dynamic response of DC voltage
for a 20% increase in the injected power (P,) is shown in Figure 20. The DC voltage is poorly
damped for kg = 0.2, 2.5, 5, confirming that the system has low PM for these values. With regard to
kg = 0.55 (design candidate), the DC voltage is less oscillatory, although showing a moderate overshoot.
Note that the tuning of the DC voltage control loop is carried out considering the PM of the entire
system, not only focusing on the DC voltage control loop. Thus, even though the DC voltage overshoot
for the design case might be a bit higher compared to other kg values, it is able to maximize PM while

reducing the interactions.
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Figure 20. DC voltage dynamics for kg = 0.2, 0.55, 2.5, 5.

8. Conclusions

In this paper, various small-signal analyses were conducted on an MMC-based HVDC link.
Among several control loops in master and slave MMCs, the DC voltage control loop had the most
adversary impact on the overall dynamics of the system. Using eigenvalue analysis and participation
factors, it was revealed that two critical modes of the system were related to the PI controller of the
DC voltage controller. Hence, this control loop was re-designed considering (1) the overall phase
margin of the HVDC link, and (2) the level of interactions among the control loops of the master and
slave MMCs. The PI gain of the DC voltage control loop was designed in such a way that the largest
phase margin of the HVDC link was obtained. The phase margin was calculated from the Nyquist
analysis conducted on the system impedance-based model. Moreover, using frequency-dependent
RGA analysis, the level of interaction among control loops was minimized by the PI controller gain.

The RGA analysis, along with the participation factor, revealed that there exists a strong coupling
among the control loops of master and slave MMCs. Therefore, for future studies, it is suggested
to adopt a MIMO design approach in which all control loops are designed simultaneously and the
system stability margin and the level of interactions can be mathematically formulated to a tractable
optimization problem.
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Appendix A

The following Clarke (A1) and Park (A2) transformations have been used. Note that regarding

Park transformation, the electrical machinery notation (qd0) is used

provided in Table A2.

Table A1l. MMC and AC grid parameters.
Parameter Symbol Value Units
Rated (base) active power Py 500 MW
Rated (base) AC-side voltage Uy 320 kv
Rated (base) DC-side voltage Ve +320 kV
Grid short-circuit ratio SCR 10 -
Coupling impedance Rs+Ls  0.0140.2  pu
Arm reactor impedance Ra+jL, 0.01+0.2 pu
Converter submodules per arm Narm 400 -
Average submodule voltage Vsm 1.6 kv
Submodule capacitance Csm 8 mF

Table A2. Cable parameters
Symbol Value Units Symbol Value Units
r 0.1265 Q/km I 02644 mH/km
10 0.1504 Q/km I 72865 mH/km
3 0.0178 Q/km I3 3.6198 mH/km
c 0.1616  uF/km g 0.1015  uS/km
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