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Integration of converter-interfaced renewable energy sources (RESs) into the power sys-
tem and the transfer of power from RESs to remote load centres over high-voltage direct
current (HVDC) lines may require connecting multiple voltage-sourced converters (VSCs)
to a common alternating current (AC) system. Because of this connection, control loops
of various converters will interact through the AC grid, leading to instability and an unde-
sirable transient response. This paper focuses on the system-level integration of multi-VSC
systems for the integration of RESs. U analysis is used to determine under which control
modes the independently stabilized VSCs connected to a common AC system ensure the
multi-VSC system stability. Furthermore, a sufficient criterion is proposed for the design
of the converters’ outer control loops independently to ensure the stability of the intetr-
connected multi-VSC system. For cases of severe interactions, where the interconnected
multi-VSC system may become unstable even if individual VSCs are stable, a joint con-
troller design for converters is proposed to stabilize the multi-VSC system. The interaction
analysis indicates that employing AC voltage control mode by all the converters causes
the highest interaction level, and having more converters in reactive power control mode

1 | INTRODUCTION

In line with two goals of the United Nations, ie. pro-
viding affordable and clean energy as well as combating
climate change, various converter-interfaced renewable energy
sources (RESs) are being integrated into the power system.
Furthermore, the transfer of renewable power generated by
converter-interfaced RESs such as offshore wind farms to
remote load centres may require the use of DC lines, which
are connected to the AC grid via voltage-sourced converters
(VSCs). The connection of VSCs to the grid for the integration
of RESs and power transfer over long distances demand coordi-
nation at the system level to prevent any unwanted interactions
among the converters.

In large-scale power systems with high integration of RESs,
multiple VSCs may be connected to a shared point of common
coupling (PCC), causing the adjacent converters to interact with
one another through their PCCs and cause instability and an
undesirable transient response [1, 2]. Although the control loop

reduces the impact of interactions on the interconnected system stability.

interactions might happen among the control loops of one sin-
gle VSC [3-10], the interactions among the control loops of
several converters, which will be called external control loop
interactions, will hinder the integration of large-scale RESs into
the AC grid and will be the focus of this paper.

A VSC usually includes three main control loops in the direct
quadrature (dg)-frame: a d-axis control loop, a g-axis control
loop, and a phase-locked loop (PLL). Depending on the VSC’s
operating mode (control mode), the d-axis control loop can
regulate either the DC voltage or active power, and the g-axis
control loop may regulate the AC voltage or reactive power [11].
Although there are several control loops in a VSC, the literature
does not pay specific attention to the impact of VSCs’ control
modes on the external control loop interactions [1, 2, 12-17].

Specific sets of control modes have been selected for exter-
nal control loop interaction studies in the existing literature. The
DC voltage/AC voltage control mode is considered in [1] for all
VSCs, while the inner current loops are neglected. In [1], the
interaction of each VSC with the adjacent VSC is modelled by a
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transfer function, and Bode diagrams are employed to study the
impact of the AC system short circuit ratio (SCR) and changes
in the active power of adjacent VSCs on the interactions and
consequently on system stability. The interaction analysis in [2]
is based on a comparison of the stability regions of individ-
ual and interconnected VSCs, but only the DC voltage control
loop is considered, and the dynamics of the PLL and the g-axis
outer control loop are ignored. [12] attempts to identify the VSC
control mode that results in maximum interactions between a
VSC and a STATCOM by using relative gain array (RGA) anal-
ysis. The studies provided in [12] ate not comprehensive as the
impact of the d-axis control mode on interactions is not con-
sidered, and the RGA analysis has only been used to study the
interactions among control loops under the steady-state condi-
tion and for a specific control mode. Ref.[18] utilizes RGA to
find the frequency at which the maximum interactions occur
among converters connected to a shared DC system. This fre-
quency is later used to obtain weighting functions for an He,
controller design. Interactions among PLLs of multiple VSCs
sharing the same PCC are studied in [13, 14]. By considering
VSCs as ideal current sources and neglecting the d-axis and
g-axis control loops, [13, 14] examine the impact of interac-
tions between PLLs on stability using the output impedance of
VSCs. In [15, 16], interactions between a grid-following and a
grid-forming VSC are studied. A robust stability margin with
respect to system parametric uncertainties is defined in [15]
using (4 analysis, and an eigenvalue analysis is employed in [10]
to illustrate the impact of connecting VSCs with different con-
trol philosophies to the same PCC on system stability. Neither
the converters’ controller nor the control mode is the focus in
[15, 16]; thus, the outer control loops of the grid-following VSC
are not involved in the analysis.

The limitations associated with the existing interaction
studies can be summatized as follows:

(i) The impact of converters’ control mode on the interactions
is not explored, and the studies are performed consider-
ing a specific set of control modes for each converter.
Although the control mode may not be a design choice
for any legal or operational reasons, the impact of control
modes on the interactions is of high importance as it can
facilitate the design of converters’ controllers to reduce the
interactions and improve system stability.

(ii) The outer control loops and consequently, various control
modes of converters are neglected in several interaction
studies. This is because the focus of such studies is on
identifying system parameters impacting the interactions.

(iii) The existing studies about the impact of controller design
on external control loop interactions are limited to the
study of overall system eigenvalue locus as the controller
gains change. The findings of these studies cannot be
applied to the individual controller design of convert-
ers such that the interconnected system is stabilized as
well. Making a connection between tuning the controllers
of individual and interconnected VSCs to stabilize the
multi-VSC system is missing from these studies.

In this paper, the interactions are defined as deviations in
the response of converters when they are connected to a
shared AC system and when they are isolated. Considering
this definition, this paper follows the study initiated in [19]
and achieves two main objectives: (i) to identify the set of
control modes for which the stability of individual VSCs can
ensure a system level stability and (i) to provide a sufficient
stability criterion for designing the converter controllers inde-
pendently such that the multi-VSC system, in the presence of
interactions, is stabilized as well. To do so, a stability formula-
tion is provided that relates the stability of the interconnected
multi-VSC system to that of the independent VSCs. Then,
W analysis is used to study whether and under which con-
trol modes the independently stabilized VSCs connected to a
shared AC system stabilize the multi-VSC system. This set of
control modes creates the least disruptive impact on the multi-
VSC system’s stability. Finally, certain recommendations ate
provided about the design of converters’ controllers to reduce
the negative impact of interactions on the multi-VSC system’s
stability.

The main contributions of this paper are as follows:

(i) The impact of control modes of converters on external
control loop interactions is studied using g analysis, and
the set of control modes causing the highest and lowest
interaction levels are identified.

(i) In contrast to the existing literature, in this paper, all pos-
sible control modes of a grid-following VSC and the full
dynamics of inner and outer control loops as well as PLL
are considered in the interaction analysis.

(i) A sufficient stability criterion is proposed to perform an
independent design of VSC’s controllers that stabilizes the
multi-VSC system as well.

(iv) For the set of control modes causing the largest inter-
actions, a joint design for controllers of VSCs is recom-
mended to reduce the negative impacts of interactions on
multi-VSC system stability.

(v) The approach taken in this paper directly connects the sta-
bility of independent VSCs to that of the interconnected
multi-VSC system, providing a new perspective to intet-
action analysis and mitigation. Although u analysis has
already been used in the literature for robust stability anal-
ysis, it is used for interaction analysis for the first time in
this paper. This tool is advantageous not only in the con-
trol design of multiple VSCs whose simultaneous design is
not possible but also when re-tuning of adjacent converter
controllers without impacting the entire system stability is
required.

2 | MODELLING OF VSCs CONNECTED
TO A SHARED PCC

In this section, the state-space and transfer function models
of multiple VSCs connected to a shared PCC are presented in
the dg-frame. The state-space model is presented to reveal the
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FIGURE 1 (a) Schematic diagram of multiple VSCs having a connection at the AC side and (b) each VSC’s control loops

TABLE 1 Parameters of the test system [20]

Quantity Value Description

P 200 MW Active power of each VSC

Vo 400 KV DC voltage

V; 230 KV AC grid RMS voltage

Vi 60 Frequency

L 0.0291 H Transformer+ transmission line inductance
Ly 0.0725 H Filter inductance

Cy 300 uF DC side capacitance

I(;}: //, I([P " 50, 716 PLL controller gains

mechanism of interactions, and the transfer function model is
used in Section 3 for interaction analysis. For further clarity,
indices 4 and ¢ refer to the 4 and ¢ components of a variable,
and “” and “~ 7 respectively denote the space phasor and the
small-signal representation of a variable.

Figure la shows the schematic of a multi-VSC system, and
Figure 1b shows the control system of each VSC, where the
control loops are in the cascaded inner-outer scheme. Because
the focus of this work is control loop interactions, the AC side
of each VSC is modelled only as an impedance, and all the ele-
ments behind the PCC are modelled by a voltage source behind
an impedance [1, 15]. The parameters of the converters, which
are needed for numerical illustrations, are given in Table 1.
Using the space-phasor representation of the current—voltage
dynamics at the AC side

dG + - +1,
. (& 4)

O dr =—-R (Zl +-

A D)+ Voo = D% (1)

where 17, 0,

+» and R are respectively the voltage magmtude
voltage phase, 1nductance, and resistance of the AC system, VpCC
is the magnitude of the voltage at the PCC, and 7, is the AC line
current of 'SC; given by

Te= g, + Jig ) k=1{1,2,.0}, @)
where 6 i, is the reference frame angle provided by the PLL
of VSC/@ “The dedicated PLL of each VSC aligns its g-axis
with the voltage at the corresponding converter terminal (17
in Figure 1). Combining (1) and (2) with the voltage—current
relationship at the converters’ terminals and considering the
decoupling filters [11], the dg-components of the voltage at the
AC terminal of V5C}, are given by

X +X
—Xf R e Z d, —Xf u A

k&

v, = [RI + R, —
= X+ X, + T/;msem

+ ) R—R, o )iy + oy — X
s K ~ M, T <Ny
P /Xj; J Xf/ 7 j

0s8,, 5

Couplings

5 . S .
+ [| R —-R, )?f i X 5inB,,, |5
J J

Couplings

€)
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)

where R ' and X are respectively, the resistance and reac-
tance of each VSC s terminal filter, R and X represent the total
resistance and reactance of the transformer and the transmis-
sion line connecting each VSC to the PCC, ud and #, are the

q
control signals, 8,, = —6,,and 9 — .'The
g s Pl Pl pil

parameters of any other desired topology at the AC side can be
embedded in the above-mentioned impedances.

Coupling terms identified in (3) and (4) are associated with
the variables of adjacent VSCs. Thus, if the VSCs do not have a
connection at the AC side, these terms become zero, and each
VSC operates as if it is the sole converter connected to the AC
system, and consequently, there will be no interactions among
the VSCs. In the rest of the paper, the term “uncoupled” dynamics
refers to Equations (3) and (4) without the coupling terms, and
the multi-VSC system, in this case, is an interaction-free system
(IFSYS). The term “coupled” dynamics refers to (3) and (4) in the
presence of coupling terms, and the multi-VSC system, in this
case, is an interconnected system (INSYYS).

Considering (3) and (4) as well as the active power, reac-
tive power, and DC-link voltage equations [11] of each VSC
in Figure 1, the small-signal dynamics of the system can be
described by the multi-input multi-output state-space model of

n

xp = Apexe + Z [Agjx; + Byjujl, ©)
J=1,j#k

Db = Cpexp + Z [Chjx; + Dyjnl, ©)
J=1#k

where Xp = [;[1/(, T/d%, ;l]k’ QP///F, 56/7//%] r,
of PLL, #; = [, 1, 17
I = [)[/If ,yq/(] is the converter control output, £ € {,,.,n.
The d-axis control output (y,) can be either the DC voltage or
active powet, and the g-axis control output (y,) shows the volt-

Scp/,k is the internal state

is the converter control input, and

age or reactive power of the AC terminal, depending on the
VSC’s control mode. It should be noted that (5) and (6) pro-
vide the full small-signal dynamics of the multi-VSC system with
the fast current dynamics and PLL included. As the objective of
the paper is to study the impact of control modes on the exter-
nal control loop interactions, the PLL is not modelled separately

and is embedded in (5) and (6). Furthermore, in (5) and (6), no
perturbation from the DC side is considered because the aim is
to study the interactions among the VSCs sharing a PCC, not
those sharing a DC system.

Based on the state-space model in (5) and (6), the state vari-
ables of each VSC are impacted not only by its state variables
and control inputs but also by those of the adjacent converters,
resulting in the coupled transfer function matrix of

G“(J‘) Glﬂ(J)
co=|70 0o
G;zl (‘Q G‘m(‘f)

21X2n

where Gj(s) is a 2 X 2 transfer function matrix. By neglecting
the coupling dynamics in (3) and (4) and consequently neglect-
ing the off-diagonal matrices Ay, By, Cpj, Dy in (5) and (6),
the IFSYS of VSCs can be described by the uncoupled transfer
function matrix

611 (J‘) _ 0 O
co=| D @O
O A 0 C‘ﬂﬂ(‘f)

2nX2n

where G, (s) is different from G, (s) due to the off-diagonal
mattices A ;, By, Cpj, Dy in (5) and (6).

3 | INTERACTION ANALYSIS

In this section, g analysis is introduced as the method of
analysis to study the impact of the control mode on external
interactions and to identify the control modes for which sta-
bilizing the IFSYS of VSCs ensures the stability of the INSYS
of VSCs.

3.1 | Interaction impact on system
small-signal stability

To illustrate the impact of interactions on system stability, the
dominant eigenvalues of the INSYS of three VSCs are pre-
sented in Figure 2. In Figure 2, SCR = 1.3 and all VSCs operate
in DC voltage/AC voltage control mode. The VSCs are inde-
pendently stabilized, and therefore, the IFSYS is stable. The set

91 2. 73
of outer controllers is K” =313+ — > K”

% € {1,2,3} (similar for all three VSCs). These controllers ate
obtained for each VSC independent of the others such that
the outer control loops are at least ten times slower than the

inner loops (with the time constant of 2 ms), and the maximum
overshoot is 20%. The time-domain step response of 1V5C; is
presented in Figure 2b to show the dynamic response of the
independently designed VSCs. Based on Figure 2a, although
the IFSYS is stable and has a satisfactory dynamic response,
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FIGURE 2 (a) Dominant system eigenvalues for a certain set of
controller parameters and (b) time-domain response of I'5C}

TABLE 2 Various sets of control modes in a 3-VSC system

Control Control Control Control
mode No. outputs mode No. outputs
CNyy o =Wanl CNyy o =[]
72 = [Vigey> 2] o2 =[P, ]
05 = [Vay» 13 73 =[5, 13]
CNp; =W nl CNp, o =[]
92 = [V 2] ¥ = [, 1]
25 = Vs> O] 73 =[5, 05]
CNy3 o =[Va, vl CNp;3 o =1[A,n]
92 = Vi, O] 02 = [P, O]
75 = [Vay» O] 3 = 13,051
CNyy n = Wa, 01 CNyy n =101
02 = [Va,, Ol = B, O]
75 = [Vies» O3] s =[5, 03]

the locations of the eigenvalues indicate that the INSYS of these
three VSCs is unstable.

For clarity and simplicity of the analysis in the rest of the
papet, Table 2 presents the various possible combinations of
control modes for a 3-VSC system, as a specific case of a multi-
VSC system. Since the parameters of the converters are similar
and to prevent redundancy, not all the possible permutations are
included. The “control mode No.” will be used later to refer to
each set of control modes.

3.2 | Method of analysis

Figure 3a shows the VSCs’ combined inner and outer con-
trollers, which are designed independently for each VSC such
that the IFSYS is stable and well-behaved, and Figure 3b
shows the employment of the independently designed con-
trollers in the INSYS of three VSCs. The combined inner—outer

Combined inner and outer
controllers

Uncoupled transfer
function

(a)

Combined inner and outer
controllers
Coupled transfer
function

(b)

FIGURE 3 (a) Independently designed controllers of the IFSYS and (b)
INSYS with the independently designed controllers

controllers of 1V5C}, is described by

KM(O
’é 0 .
K (s) = 1 K{():k€{l,in), (9
~—— in N——r
2 L+K@) <L+ka+Rfk > 2

KZZ,L‘/ (I)

where Ké” (s) is the inner controller and K(s) is the outer

controller. The controller of the multi-VSC system is given by
K(J) = dlﬂg( [Kvl (J‘), ’ ]<;7 (J‘)] )2;1)(271'

For two systems with the transfer functions G(s) and G ()
and controller K(s), the characteristic polynomials des(/ +
GK) and det (I + GK), respectively, can be used to study sys-
tem stability. The relationship between the two characteristic
polynomials is

det (I + GK) = det (I + GK)det(I + ET), (10)

where £ is the relative difference between the coupled and
uncoupled transfer function matrices, defined by [21]

E=(G-G6)G, (11)

and 7 is the complementary sensitivity function such that 7 =
I — (I + GK)™!. According to (10) and assuming that 7 is sta-
ble, det (I + GK) will have all its roots in the open left-half plane
(LHP) if and only if det({ + ET) has all its roots in the LHP
21].
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FIGURE 4 Dominant roots of det(/ + I T) for the set of controller
parameters used in Figure 2.

The term det(/ + ET) in (10) indicates how the characteris-
tic polynomial of the IFSYS changes with interactions to form
the characteristic polynomial of the INSYS. Therefore, as long
as the interactions among the converters do not result in the
roots of det (I + ET") leaving the LHP, IFSYS’s stability ensures
INSYS?s stability. Figure 4 shows the roots of det(/ + ET) for
the set of controller parameters used in Section 3. A. As some of
the roots of det (I + ET') are not located in the LHP, the IFSYS
stability does not result in the stability of INSYS, which was also
shown in Figure 2a.

To have all the roots of det (I + ET) in the LHP, the Nyquist
plot of det (I + ET) must not encircle the origin, which leads to
the sufficient stability condition of

Pp(ET(jw) <1 Vo, (12)

where p is the spectral radius [21]. Equation (12) is a sufficient
condition ensuring INSYS stability in the presence of interac-
tions, when TFSYS is stable. A weaker sufficient condition for
INSYS stability based on (12) is to have

(T (jw)) < P(E(jw)) ™ Ve, (13)

where & is the maximum singular value [21]. & is the structured
singular value defined by

1
mina{&(A)| det(/ — EA) = 0}’

WE) = 14
where the structured uncertainty A has a block-diagonal struc-
ture similar to the structure of 7' [21]. u(%) can be computed
for any given £ and by searching through stable perturbations
A with a similar structure to 7" and finding the reciprocal of the
smallest & (A) making det (I — EA) = 0.

According to (13),

(1) The magnitude of u(Z (;))_1 is an indicator of the level of
interactions, and it corresponds to the impact of interac-
tions on INSYS stability. The smaller the coupling terms in
(3) and (4), the smaller £ and u(£) will be. If u(= (J))_1 is
large enough, the INSYS stability will be ensured for a wide
range of controllers that have stabilized the IFSYS.

2 Asu(E (Jr))_1 does not depend on the controllers’ parame-
ters and only depends on the system parameters and control

3 - .

7\ ggu

T 2 L '/ [ 13
— / ‘\
S S
I = - \

1 .,
05—
\_\
0 1 'l o b
100 102 10*

Frequency [rad/s]

FIGURE 5  u(Z(s))~! for two control modes versus frequency

modes, it can be assumed as the available headroom for the
independent design of converters’ controllers that stabilize
the INSYS. In the case of weak coupling among the con-
verters, U(E (I))_l will be sufficiently large, leaving a large
headroom for the independent design of controllers that
stabilize the INSYS of multiple VSCs.

It should be noted that the controllers are often designed to
provide an acceptable set-point tracking capability for the sys-
tem. This requirement is usually taken care of by embedding an
integrator in the controllers, resulting in 7' = / at low frequen-
cies. Thus, the low-frequency value of 6(7") is determined by
the controllers’ integral action, while the controller order and
parameters can be adjusted to shape &(7") in the mid- and high-
frequency ranges. As a result, maintaining u(Z(s))~! > 1 at low
frequencies is necessary to preserve (13). Satisfying (13) at mid-
and high-frequency ranges can be taken care of by the proper
selection of controller parameters. Thus, (7 (0)) ™! is an impor-
tant criterion for the interaction analysis. If w(Z(0))~' < 1 for
a certain control mode, any controller with set-point tracking
capability would violate (13), and the stability of INSYS cannot
be guaranteed even if the IFSYS is stable.

Figure 5 shows two illustrative examples of u(Z(5))~" for
two different sets of control modes, CNy; and CNy;. To iden-
tify which control mode results in larger interactions, firstly,
the value of (£ (0))~! in the two control modes should be
compared to each other. In CNy3, u(Z(0))~! > 1, and thus
the controller parameters can be selected such that (13) is
satisfied and consequently INSYS is stabilized by stabilizing
IFSYS. However, in CNyy, u(Z(0))~" < 1, which violates (13)
for any well-tuned controllers. Therefore, the stabilizing con-
trollers of IFSYS may or may not stabilize the INSYS in CNy;.
Furthermore, compared to CNyy, there is a larger headroom
for designing controllers operating in CNy5 as u(Z ()" is
larger, and thus the interactions have less impact on the stabil-
ity of INSYS in CNyj;. It should also be noted that although
U(E ()~ in CNyy is larger than that in CNy3 for the high-
frequency range, the decisive frequency range for the design
of controllers such that (13) is satisfied is the low- and mid-
frequency ranges. The reason is that by increasing the order
of controllers, it would be possible to shape &(7") such that, in
the high-frequency range, it approaches zero and consequently
satisfies (13).

In Section 5, u(E(s))™! will be plotted for all the possible
control modes in Table 2, and the impact of the control mode
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on the interactions will be investigated accordingly. Prior to the
simulations, in the following, it is proved that changing the d-axis
control mode does not impact (% (0)) .

Proof. Considering the small-signal dynamics of DC-link
voltages in Figure 1 and neglecting the DC side perturbations,

dr7, P, By -
L B Do pepas a9
dr T/;‘]"kn I/d:/m
Using (15),

1

- 1
T/d%u P,
Ck 5= 0
2 2
Vieg,

Based on (16), when the d-axis control mode changes from

P.(); k€{1,2,3} (16

Vi () =

active power to DC voltage control, the control outputs of the
system are related to each other by

[T~/[/[1 ’),‘/1 ? V;{L‘z ’,)/{fz ’ T~/[f[3 ’)}qa] g = W(‘f) []31 ’)/‘/1 ’ jJZ’]qz’ E’qu,] T’

Jde Jp

17

where

W (s) = diag A8 a8

Assuming 7, =1 [pu] and Vd% =1 [pu], it can be
derived that 7 (0) =7 and consequently, u(Z(0))™" l,, =
K(E(0))7"],,. Therefore, if w(Z(0))~" > 1 is satisfied for the
DC voltage control mode, it will also be satisfied for the active
power control mode.

4 | VSCs CONTROL DESIGN FOR
INTERACTION MITIGATION

In this section, a criterion is proposed for designing the con-
trollers of the IFSYS independently, which ensures INSYS
stability as well. The main advantage of the proposed controller
design is the mitigation of the negative impact of interactions on
the interconnected system stability. It should be noted that this
procedure can be applied to any type of individual controller
as it aims at re-tuning the individual controllers to mitigate
the interactions. For example, if robust controllers are initially
designed for the individual converters, the proposed procedure
can be utilized to design a set of robust controllers that ensute
the stability of INSYS.

With an integrator in the outer control loops to achieve
set-point tracking capability, t(Z (0))™! > 1 will become a nec-
essary condition for using (13) to design the controllers of the
IFSYS such that INSYS stability is ensured. The main steps for
designing the controllers for each VSC are as follows:

(1) Set the time constant of the inner controller (7) and find
the inner controller parameters as explained in [11]. Find
K/:]’[/ (s) in (9) and determine G, (J‘)KZ[’[/ ().

(2) Decide on the bandwidth of the outer control loop (BI)
by considering the rule of thumb for cascaded inner-outer
loops as BV, < 2y Depending on the order of G (v),
choose the order (gf the outer controller K/(s). An integral
action must be included in the outer controller. Knowing
Ckk(J)KZ’[Z (), K(5) is the only unknown in the control
structure of Figure 3a. Tune the parameters of KJ(s) to
create a stable feedback loop in Figure 3a and ensure the
desirable time-domain specifications.

(3) Check whether (13) is satisfied. Depending on the magni-
tude of u(E (s))™", there will be an available headroom for
the design of controllers.

(4) If(13)is satisfied, the design is complete. Otherwise, change
the parameters of the outer controllers in step 2 and repeat
steps 2—4.

In cases where u(E(0))~! < 1, a joint controller design for
VSCs (in contrast to an independent design) may result in
satisfying (13) and thus reducing the negative impact of inter-
actions on stability. In the joint design, the coupling among
certain converters is taken into account in the control design.
To perform the joint control design, G(s) in (8) is modi-
fied after the dynamics of the converters forming a group are
moved from the coupling term to the uncoupled dynamics term in
(3) and (4). As an example, to perform the joint design for
I’SCy and VSC,, while designing 15C3 independently, G (s) is
defined as,

Gi()  Gpals) 0
G)=|GCo() Gnb 0 . 19
0 0 Gs3(5)

The converters involved in the joint design are mainly those
manufactured by a single vendor as this will ensure access to
the detailed model of those converters. The proposed con-
trol design will facilitate the multi-vendor realization of hybrid
AC/DC systems as it will ensure design confidentiality by joint
design of converters’ controllers whose models are available
and independent control design of converters whose models are
confidential [22, 23].

In Section 5, certain recommendations will be given about
the control mode of the converters included in the joint control
design to reduce the impact of interactions on the intercon-
nected system stability. These recommendations will be based
on the magnitude of u(Z (s))~! for various control modes of
the converters forming a group.

5 | CASE STUDY

In this section, the impact of control modes on the inter-
actions and the viability of the proposed stability criterion
for the controller design is studied using a test system with
three converters sharing a PCC with the parameters given in

85U8017 SUOWILLOD BAIEa1D 3|t (dde aup Aq peussnob afe ssoiLe VO ‘8SN JO SN 10} ARIqIT8UIIUO /8|1 UO (SUORIPUOD-pUR-SWBIW0D A8 | imAe1q 1 U1 |UO//SdNL) SUORIPUCD PUe swis | 8y} &8s *[£202/60/62] UO A%iq18ul|uo A8]IM ‘U0SINOIG BpeueD aueiyo0D Aq 9,921 Z6d1/610T 0T/I0P/W0 A8 | 1M AeIq Ul UO"Yoessa 118 //SdNY W1y peapeojumod 'S ‘€202 ‘i T2S.T



AHMADLOO AND PIROOZ AZAD

1219

Control Mode CNy; Control Mode CNj,

Control Mode CNy3 Control Mode CN4

0.7 1.4 5
SCR=3
06 1.2 2.5 4 / \ SCR=2.3
1 > SCR=1.5
o5 3
= 0.8 15
= 2
0.4 0.6 1
0.4 0.5 1
0.3
0 5 0-2 0 0
10 (a) 10 100 (b) 10° 10° () 10° 100 (d) 10°
. Control Mode CNgy; s Control Mode CNayy Control Mode CNag Control Mode CNyy
06 1.2 2.5 4
_ 1 2
05 3
LB/ 0.8 1.5
3
0.4 0.6 1 ?
1
03 0.4 0.5
0.2 0
100 (e) 10° 100 (f) 10° 100 (g) 108 10° (h) 10°
Frequency [rad/s]
FIGURE 6 u(Z)~! against frequency for various sets of control modes in Table 2 and for several SCRs, B, = 2 = P, = 1 [p.u]]

Table 1. This study covers the range of SCRs from strong
(SCR> 3) to weak (2 <SCR < 3) and very weak AC sys-
tems (SCR< 2) [24]. The nonlinear model of the test system
is built in MATLAB/SIMULINK, and the linearized system
is obtained to form the small-signal model required for the
aforementioned studies.

5.1 | Impact of converters’ control modes on
interactions

To evaluate the impact of control modes on the level of interac-
tions among converters, U(Z (s))~! for various SCR values and
the control modes of Table 2 is depicted in Figure 6. In Figure 0,
the sub-figures next to each other have the same d-axis control
mode, and the ones on the top and bottom rows have the same
g-axis control mode.

To investigate the impact of the g-axis control mode on the
interactions, Figure 6a—d shows u(Z (s))™! for various sets of ¢-
axis control modes and a fixed d-axis control mode (DC voltage
control mode). In Figure 6a,b, u(Z(0))~' < 1, which violates
(13) for any well-tuned controller, and thus the INSYS sta-
bility is not guaranteed even if IFSYS is stable. However, in
Figure Ge,d, w(Z(0))™' > 1 for several SCR values. Therefore,
the controller parameters of the IFSYS in control modes CNy;
and CNy4 can be set based on the step-by-step procedure dis-
cussed in Section 3. C to satisfy (13) and consequently stabilize
the INSYS. Additionally, for all SCRs, u(Z (s))~! is larger in
Figure 6d than that of Figure 6c¢ for the low- and mid-frequency
ranges, which results in a larger available headroom for design-
ing the converters’ controllers in control mode CNyy. Similar
conclusions can be made about the impact of g-axis control
mode on the interactions based on Figure 6e—h.

To study the impact of d-axis control mode on the interac-
tions, each of Figure 6a—d are compared with their counterparts
in Figure 6Ge—h, with the same g-axis control mode and a differ-
ent d-axis control mode. It is observed that the d-axis control
mode does not impact u(Z(0))™", which was also proved in
Section 3. This means that, in the proposed control design based
on (13), the d-axis control mode does not affect the relationship
between the IFSYS and INSYS stability.

In summary, when all the VSCs operate in AC voltage con-
trol mode, the largest interactions happen (Figure 6a,c). Moving
from Figure 6a(e) toward Figure 6d(h) with more VSCs in the
reactive power control mode will reduce the impact of interac-
tions on the stability of INSYS, regardless of the d-axis control
mode. However, the control design headroom in the DC volt-
age control mode is larger than that in the active power control
mode as w(F (5)) " is larger, Figure 6.

Figure 7 shows u(E(s))~! and &(7") for DC voltage con-
trol mode and various sets of g-axis control mode. It should
be noted that Figure 7 is plotted for a certain set of con-
troller parameters for illustration purposes only. As Figure 7
shows, the only control mode for which (13) is satisfied
and thus for which the independent design of the convert-
ers has stabilized the INSYS is control mode CNy4, where
all the converters control the reactive power. In this control
mode, the set-point tracking capability as well as stability is
ensured for the INSYS by the independent control design of
the IFSYS. In other control modes in Figure 7a—c, while the
order of the controller can adjust the high-frequency charac-
teristics of &(7), the low-frequency characteristics of &(7)
mainly depends on the integral action. Since u((0))™! < 1
in Figure 7a—c, 6(T) < u(E(s))~! cannot be achieved and
the stability of the INSYS cannot be guaranteed. The eigen-
value map of the system for each control mode verifies the
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(d) control mode CNy4, SCR=1.5

INSYS stability in control mode CNy4, which is shown in
Figure 7.

5.2 | Impact of converters’ joint control
design on interactions

For the set of control modes discussed in Table 2, various sce-
narios of joint design can be considered. For example, in control
mode CNy,, the first scenatio would consider the two VSCs in
the AC voltage control mode as a group (IV'5C; and 15C)),
and the third VSC in the reactive power control mode as an
independent unit (IV5C5). The second scenario is to form a
group consisting of one of the converters in AC voltage control
mode and one in reactive power control mode ((IV'5C; or IV'5C5)
and I5C3) for the joint design, while designing the controller
of the other VSC in AC voltage control mode independently
(VSC, or VSCY). For control mode CNy; in Table 2, since all
the VSCs have similar parameters and ratings, there is only one
joint design scenario, where any of the two VSCs are involved
in the joint design, and the third VSC is considered as an

independent unit. The rest of the possible joint design scenatios
can be obtained similarly.

Figure 8 shows u(Z (s))~! when I’SC; controller is designed
as an independent unit, and IV5C} and 1V5Cj form a group and
their controllers are jointly designed. By comparing Figure 8
against Figure 6 in each control mode, it can be observed
that due to the joint control design, all u(Z (s)) ™" curves have
shifted up, indicating that the available headroom for designing
stabilizing controllers has become larger, and the interactions
have decreased. However, even with the joint control design,
in control modes CNy; and CN,;, u(Z(0))™! <1 and thus,
(13) cannot be satisfied for any controller with an integral
action, Figure 8a,e. Also, there is not any other distinct joint
design scenario that would result in @((0))~' > 1. Thus,
having all the VSCs in AC voltage control mode results in
the highest interaction level among the VSCs, and the joint
design will not be a remedial action in this case to make
U(E(0)"" > 1 and consequently the INSYS stability cannot
be guaranteed.

Another scenario is the joint design of 'SC} and I'5C; in
control modes CNy; and CN,, where the converters operating
in AC voltage control mode form a group, and the converter
in reactive power control mode is considered as an individual
unit. For this scenario, u(Z (s))~! is shown in Figures 92 and
c. Comparing u(F (s))”" in Figures 92 and ¢ with Figures 8b
and f reveal that this joint design scenario results in a larger
U(E($))"". Especially, u(EZ(0))"! > 1 in Figure 9a,c indicat-
ing that (13) can be met and the INSYS can be stabilized by
stabilizing the IFSYS.

In control modes CNy5 and CNy3, the joint control design of
VSC, and 17SCj; results in another feasible scenatio, where the
controllers of VSCs operating in reactive power control mode
are jointly designed, and the controller of the VSC in AC voltage
control mode is designed independently. Comparing u(Z (s)) ™"
in Figure 9b,d against Figure 8c,g shows that a smaller p(7)~!,
and thus, a smaller stability headroom is provided with the joint
design of the VSCs when the VSC in the AC voltage control
mode is designed independently.

Based on Figures 6, 8 and 9, it can be concluded that

(1) Joint design of VSCs’s controllers can always lessen the
impact of interactions on the interconnected system stabil-
ity as u(E(s))"! curves have shifted up in Figures 8 and 9
compared to Figure 6.

(2) Joint control design of converters operating in AC voltage
control mode, such that no converter in AC voltage control
mode is designed individually, corresponds to the recom-
mended design scenario in terms of interaction mitigation.
However, when all converters operate in AC voltage con-
trol mode, the joint design might not necessarily reduce the
high level of interactions and may not ensure the INSYS’s
stability.

(3) If for any operational reasons, it is not possible to jointly
design the converters in AC voltage control mode, it is
recommended to form the groups of the converters such
that the lowest number of converters in AC voltage control
mode is designed independently.
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5.3 | Joint design of stabilizing controllers
5.3.1 | Joint design of 'SC; and 1V5C), in control
mode CN,,

As an example to clarify the impact of controllers’ joint design
on the external control loop interactions, control mode CNy, is
considered with the 3-VSC system operating under SCR = 1.5.
As shown in Figures 6 and 9, CNy, is the control mode with
the highest interaction level for which the controllers can be
designed independently to satisfy (13) and consequently to
ensure the stability of the INSYS. It should be noted that for
CNyy, stabilizing controllers cannot be designed based on (13).
Itis assumed that I'SC} and 1V5C}, operating in AC voltage con-
trol mode, are built by the same manufacturer, and thus their

joint controller design is possible. Figure 10 shows p(F (s)) ™!
and &(7) for the controllers designed based on steps 1—4 of the
control design procedure in Section 3. C for I'5C; and 15C,
as a group and for 'SCj as an individual unit. As the sufficient
condition (13) is satisfied according to Figure 10, it is guaranteed
that the INSYS of three VSCs is stable even in the presence of
interactions. The eigenvalue map of the INSYS of three VSCs
is also shown in Figure 10, which confirms that the INSYS
is stable.

532 | Joint design of I'SC; and 1”5C; in control
mode CNj;

In control mode CNy3, when the 3-VSC system operates under
SCR = 1.5, the joint control design of the VSC controlling
the AC voltage (I°5C}) and the VSC controlling the reactive
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power (I'5C5) is a remedial action to reduce the interactions.
Based on the procedure discussed in Section 4, Figure 11 shows
U(E(s))"! and 6(T) for the designed controllers. As shown in
Figure 11, the sufficient condition (13) is satisfied in this control
design, and therefore, it is guaranteed that the INSYS of three
VSCs is stable even in the presence of interactions. Figure 11
shows the eigenvalue map confirming that the INSYS is stable.

6 | CONCLUSION

In this paper, external control loop interactions among VSCs
sharing a common AC system were studied, and the impact of
control mode on the interactions was investigated. ( analysis
was used to measure the level of interactions for various sets of
control modes and identify the set of control modes for which
the stability of individual VSCs can ensure the stability of the
interconnected system (INSYS) of VSCs. The analysis indicated
that, regardless of the d-axis control mode, the largest interac-
tions occur if the adjacent converters simultaneously regulate
the AC voltage via their g-axis control loop. Furthermore, hav-
ing more VSCs in the reactive power control mode will lessen
the impact of interactions on stability. Moreover, there is a larger
headroom for the independent design of stabilizing converters’
controllers in the DC voltage control mode than in the active
power control mode.

A sufficient stability criterion was also proposed for the inde-
pendent design of converters’ outer control loops such that the
multi-VSC system stability is ensured. In case of severe intet-
actions, whete the INSYS becomes unstable even if each VSC
is stable, a joint control design was proposed to stabilize the
INSYS. The performed stability analysis illustrated that the joint
control design of converters in AC voltage control mode such
that the lowest number of converters in AC voltage control
mode are designed independently is the best remedial action to
reduce the impact of control loop interactions on the stability
of multi-VSC systems.
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APPENDIX
Derivation of (9): Considering the cascaded control scheme

tig, = ](/i”(x)(z'dﬁ: —iig,)- (A.1)

Using the the inner decoupling filters [11], the current dynamics
at the AC side is given by

llﬁel‘ﬂ/,q/6 = _Rféjd"]/e + ﬂd’qk. (AZ)
Thus,
”d,q/e (J‘)
i, () = ——t—. (A.3)
Ir Lf/e'f + Rfk

Substituting (A.3) in (A.1), results in

4 Hyg (8 K"(s
K" () = %() = <0 L (A4

*

N B <0 (

Ly s+Ry, >

The inner—outer controller then is given by K. (s) =
K" (5)K{(5).
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