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Abstract—Despite attempts to increase the active power ca-
pability of vector-controlled voltage source converters (VSCs)
connected to very weak grids, the interaction between the control
dynamics and physical system is not completely understood.
The result is often complex strategies that are difficult to
implement. This paper proposes an intuitive modification of the
VSC control based on physical considerations and dynamics
of existing control. Several physical variables as seen from the
point of common coupling (PCC) are found to contribute to the
detrimental behavior of the VSC under weak connections. Hence,
eliminating the impacts of these variables through feedforward
eliminates their influence and significantly improves the active
power capability. Notably, the basic structure of the vector
controlled VSC is kept and its output-impedance is effectively re-
shaped. The proposed modification is validated through nonlinear
time-domain simulations in MATLAB/Simulink Simscape Power
System and results demonstrate the simplicity and intuitiveness
of the modified structure.

Index Terms—VSC-HVDC, weak ac grid, passivity, impedance
model.

I. INTRODUCTION

THE voltage source converter (VSC) is currently the

state-of-art of converter technology for high-voltage DC

(HVDC) transmission [1]. One of the most important advan-

tages of the VSC is its ability to connect to weak or uncon-

ventional grids, such as offshore ac grids [2], [3]. However,

there are still certain challenges in connecting the VSC to weak

grids (SCR < 3), particularly VSCs based on the vector current

control (VCC). According to literature, the stability limit of

the vector-controlled VSC under very weak grids is severely

limited to 0.6 per unit (pu) of converter rated power [4], [5].

One cause of such limits is the interaction between the

phase-locked loop (PLL) of the VSC and dynamics at the

Adedotun J. Agbemuko and José Luis Domı́nguez-Garcı́a are
with the Electrical Power Systems Area, Institut de Rrecerca en
Energia de Catalunya (IREC), 08930, Barcelona, Spain (e-mails:
{aagbemuko,jldominguez}@irec.cat).

Oriol Gomis-Bellmunt is with the Electrical Engineering Department,
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PCC under weak grid conditions, as reported in [6]–[8]. As

a way to improve the performance of the PLL and overall

system, different implementations and tuning methods have

been proposed for the PLL [9]–[11]. In general, a reduced

closed-loop bandwidth has been suggested to alleviate the

impacts of PLL [12], [13]. Although this seems to provide

relief under fairly low SCR, the active power capability is

still limited. In a bid to eliminate the impacts of the PLL,

the authors in [14]–[17] tackled the problem by eliminating

the VCC and necessity for PLL. However, the PLL and inner

current controller were suggested as backups.

Another potential cause of limited power capability is the

complex interactions introduced by the outer loops of the

vector controlled VSC [18]–[21]. The imbalance introduced

by the direct voltage controller (DVC) was highlighted in [18]

and means to mitigate control interactions were suggested. In

[19] it was suggested to increase the closed-loop bandwidth

of the alternating voltage controller (AVC) to improve the

performance under weak ac grids. Notwithstanding, increasing

the closed-loop bandwidth of the AVC without considering po-

tential interactions with other loops still limits the capabilities.

Seeing the complex couplings between the outer loops, Egea-

Alvarez et al. in [20] proposed to decouple the loops on each

axis of the VCC. This resulted in a quite complex implementa-

tion involving several controllers. In a simpler implementation,

the authors in [22] proposed to simply add a feedforward

loop using the active power to determine the reactive power

requirements. Regardless, this computation depends on steady-

state considerations that ignore the dynamics of control, and

explicitly requires the grid impedance and its estimation.

In other efforts, it was proposed to improve the stability of

the VSC under weak grids using an improved PCC voltage

feedforward filter that explicitly considers the impacts of the

PLL [23], [24]. Also, Davari et al. in [25] proposed a robust

design of the conventional VCC by explicitly considering the

impacts of the PLL in the design of the AVC. However, a direct

consequence of including the impacts of the PLL in any design

effort is that the order of an effective controller or filter may

be as high as that of the entire VSC. Thus, implementation and

scalability become complicated. To summarize, due to the lack

of complete understanding of the dynamic interplays under

weak grids, proposed solutions in literature are often complex

and depend on the estimation of grid impedance.

As a concept to synthesize and control dynamical systems

for robustness, passivity theory and more generally, dissi-
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pativity including in the frequency-domain is well applied

[26]–[28]. More recently, passivity-based analysis and control

design has been applied to grid-connected VSCs [18], [29]–

[31]. The core of passivity theory as applied to interconnected

systems relies on achieving an internal energy balance, and

the interconnection of two passive subsystems is a passive

system [32]. More generally, if one or more subsystems can be

designed to dissipate energy (i.e. it is non-negative), there will

be no destabilization [28]. Hence, for a grid-connected VSC,

if the grid and VSC are both passive as subsystems, then the

overall interconnected system is passive and thus stable [18],

[33]. This is central to the research efforts on passivity for

VSCs, where additional passivating components are added to

the inner loop of L connected VSCs [29], [30], and dual-loop

LCL connected VSCs [31]. However, not in the context of

VSCs connected to very weak grids. Besides, in several cases,

the goal is to passivate the VSC in the high-frequency region

where the effects of a weak grid may not be felt. As opposed

to previous works where consideration is given to the inner

loop using passivating feedforward components, this article

considers the outer loops using feedforward components that

are better indicators of the detrimental behavior of the VSC

under weak grids. Further, rather than to strictly passivate

the VSC, this article attempts to eliminate major contributors

to negativity. Thus, the dissipative property of the VSC is

improved and enhancement in performance is obtained.

Notwithstanding the works done in [4], [9], [10], [12]

considering the impacts of the PLL, we propose a method

that keeps the basic structure of the VCC and conventional

PLL, with applicability to any ac grid of arbitrary strength.

In contrast to the suggestions proposed in [19] on increasing

the bandwidth of the AVC, in this paper the reduction of

the bandwidth of the DVC relative to that of the AVC is

adopted. Additionally, we improve on the feedforward method

described in [22] by considering the interaction between

physical variables from the PCC and control dynamics without

any requirement to explicitly estimate the grid impedance nor

include it in the solution. Hence, the solution proposed is

independent of grid impedance and without distance com-

munication requirements unlike in [13] as measurements are

local. The major contribution of this paper is an achievement

of extended active power capabilities under weak grids by

modifying the VSC, taking advantage of passivity analysis.

This paper is organized as follows. In Section II, an

impedance modeling approach is adopted to derive the transfer

functions of the VSC considering all control loops. Section

III presents the concept of dissipativity and passivity analysis

of the multi-input multi-output (MIMO) admittance to obtain

insights into variables that contribute to detrimental behavior

of the VSC. In Section IV, the results of passivity analysis is

applied to modify the VSC outer-loops. Section V validates

the analysis and modified capabilities through nonlinear time-

domain simulations.

II. DQ IMPEDANCE TRANSFER FUNCTIONS OF THE VSC

The single-line diagram and control block layout of a typical

vector controlled VSC station is shown in Fig. 1. The converter

Fig. 1. VSC single-line terminal and control-block diagram

is modeled at the terminal level and assumed unconnected to

any network to allow for the modularity of models. In the

scope of this work, the filter bus of the converter is assumed to

be the point of connection to the grid and the grid impedance

is assumed to consist of passive R, L, and/or C components.

A. Current Controlled VSC

The current controller (CC) of a VSC is responsible for

the power exchange between the ac and dc sides, while

ensuring current limits of components are not breached. The

CC control structure is illustrated in Fig. 2. The open-loop

circuit equations in grid reference that describe the dynamic

behavior of the converter ac currents (physical system) in the

synchronous reference frame can be expressed as

L
dicd,q
dt

= ufd,q − ucd,q −Ricd,q − jω1Licq,d (1)

where icd,q are the converter currents, ucd,q and ufd,q are the

converter alternating and filter bus voltages respectively on

d and q axes, R and L are the ac-side filter resistance and

inductance respectively, and ω1 is the grid angular frequency.

The ac output voltage is obtained from the CC, in the converter

reference frame as

uc
cd,q = −Kc(s)(i

∗

cd,q − iccd,q)− jω1Li
c
cq,d + Fd,q(s)u

c
fd,q

(2)

where uc
cd,q are the converter alternating voltages, Kc(s) is

the inner loop proportional-integral (PI) compensator, iccd,q are

the converter ac currents, uc
fd,q are the filter voltages, and

Fd,q(s) are the PCC voltage feedforward filters. It is important

to note that terms with superscript ‘c’ are converter dq frame

variables, and ‘*’ quantities are reference values. The PLL is

responsible for the transformation between the grid (physical)

and converter reference frames.

To include the impact of CC and PLL, the converter

alternating voltage components can be eliminated from (1)

by applying transformations from converter reference frame

to grid reference through the PLL output angle. Subsequent

to this, the linearized results are substituted into the linearized

version of (1) in Laplace domain to obtain the impedance

model with impact of PLL and CC included. Comprehensive

derivation and details as applied in this work can be found in
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Fig. 3. PLL control-block diagram

Fig. 4. Structure of the direct and alternating-voltage control

[34]. The impedance model of the VSC can be obtained as

[18]

(
∆icd
∆icq

)

=

(
hi
cl(s) 0
0 hi

cl(s)

)(
∆i∗cd
∆i∗cq

)

+

(
ydd(s) ydq(s)
yqd(s) yqq(s)

)

︸ ︷︷ ︸

Yac(s)

(
∆ufd

∆ufq

)

(3)

where hi
cl(s) is the closed-loop reference to output transfer

function, Yac(s) is the converter output admittance with the

CC and PLL.

B. Alternating-Voltage and Direct-Voltage Controlled VSC

The control structure of the AVC and the DVC is illustrated

in Fig. 4, showing the compensators and dynamic limiting

function (neglected for linearized model). The AVC regulates

the magnitude of the PCC-bus voltage to a constant value by

providing the q-axis reference component to the CC. The DVC

regulates the dc-bus voltage by providing the reference to the

inner loop on the d-axis in a similar manner to the q-axis. The

open-loop dynamic equation of the direct voltage is given as

Cdc

dVdc

dt
= Idc + In; =⇒ Vdc =

Idc + In
sCdc

(4)

where Vdc is the terminal direct voltage, Cdc models the dc

equivalent capacitance, Idc is the dc current injection from

power balance, In is the dc-side network current. The inner

loop reference current on the d-axis can be obtained from the

dc-side current injection reference as

i∗cd = k
I∗dcV

∗

dc

ufd

(5)

where k = 2/3, V ∗

dc is the reference direct voltage, I∗dc is the

output of the DVC given as

I∗dc = Kv(s)(V
∗

dc − Vdc) + In (6)

where Kv(s) is the direct voltage PI compensator. Equation

(6) can be linearized and substituted into the linearized version

of (5) and results inserted into the d-axis equivalent of (3) to

obtain

∆icd = yd(s)∆ufd + ydq(s)∆ufq − ydc(s)∆Vdc (7)

yd(s) = ydd(s)−
khi

cl(s)P
0

(u0
fd)

2
, ydc(s) =

kKv(s)h
i
cl(s)V

0
dc

u0
fd

where hi
cl(s) is the closed-loop reference to output transfer

function of the inner loop, yd(s) and ydc(s) are auxiliary

admittance functions, and P 0 is the active power operating

point. In a similar manner as the direct voltage, i∗cq can be

obtained directly from the AVC as

i∗cq = Ku(s)(U
∗

f − Uf ) (8)

where Uf =
√

(ufd)2 + (ufq)2 is the filter bus voltage

magnitude, Ku(s) is the alternating voltage compensator. With

the assumption that alternating voltage reference is constant,

(8) is linearized around an operating point and substituted into

the q-axis equivalent of (3) to obtain

∆icq = Yqd(s)∆ufd + Yqq(s)∆ufq (9)

Yqd(s) =
yqd(s)U

0
f − hi

cl(s)Ku(s)u
0
fd

U0
f

Yqq(s) =
yqq(s)U

0
f − hi

cl(s)Ku(s)u
0
fq

U0
f

where Yqd(s) and Yqq(s) are the measurable q-axis admit-

tances of converter on the ac-side. To include the impacts of

the dynamics of the direct voltage ∆Vdc in (7), the linearized

power balance between ac and dc sides must be equated. Thus,

1

k
(u0

fd∆icd + i0cd∆ufd + i0cq∆ufq + u0
fq∆icq)

︸ ︷︷ ︸

∆Pac

= V 0
dc∆Idc + I0dc∆Vdc

︸ ︷︷ ︸

∆Pdc

(10)
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substituting ∆icd and ∆icq from (7) and (9) respectively, ∆Idc
can be isolated and substituted into the linearized open-loop

dynamic equation of direct voltage in (4) to obtain

∆Vdc = Hdd(s)∆ufd +Hqq(s)∆ufq + Zoc(s)∆In (11)

Hdd(s) =
u0
fdyd(s) + u0

fqYqd(s) + i0cd
k(sCdcV 0

dc + I0dc) + u0
fdydc(s)

Hqq(s) =
u0
fdydq(s) + u0

fqYqq(s) + i0cq

k(sCdcV 0
dc + I0dc) + ud0

f ydc(s)

Zoc(s) =
kV 0

dc

k(sCdcV 0
dc + I0dc) + u0

fdydc(s)

where Hdd(s) and Hqq(s) are the interaction transfer functions

between the filter voltage components on either axes and the

direct voltage, and Zoc(s) is the imposed dc-side impedance.

Back-substituting ∆Vdc into (7), the reshaped ac-side admit-

tance considering the direct voltage dynamics and control is

obtained as

∆icd = Ydd(s)∆ufd + Ydq(s)∆ufq +Hdc(s)∆In (12)

Ydd(s) = yd(s)−Hdd(s)ydc(s)

Ydq(s) = ydq(s)−Hqq(s)ydc(s)

Hdc(s) = Zoc(s)ydc(s)

where Hdc(s) is the interaction transfer function between

the converter ac and dc currents. With respect to measurable

admittances, equations (9) and (12) describe the complete

input-output behavior of the alternating and direct voltage

controlled VSC at the terminal level on the ac-side. This can

be represented in a matrix form as

Y(s) =

(
Ydd(s) Ydq(s)
Yqd(s) Yqq(s)

)

(13)

where Y(s) is a complex asymmetrical MIMO admittance of

the converter. The detailed modeling procedures as adopted in

this paper can be found in [34].

C. Model Verification

To validate the accuracy of the analytical derivations carried

out in the previous section, a detail nonlinear model is devel-

oped in MATLAB/Simulink Simscape Power System toolbox

with system and control data presented in Tables I and II. For

a VSC in inverter mode with an active power operating point

of −200 MW (0.25 pu), Fig. 5 shows a comparison of the

analytical admittance frequency response and measurements

from simulation. It can be observed in general that there is a

good match between the analytical derivation (solid blue) and

detailed simulation (dotted red) within expected accuracy.

III. DISSIPATIVITY/PASSIVITY-BASED ANALYSIS OF VSC

ADMITTANCE

A. Dissipativity of Dynamic Systems

Passivity and dissipativity as a generalization of passivity

are both fundamental properties of dynamic systems related to

energy [35]. Both properties characterize the implicit energy
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Fig. 5. VSC output admittance validation. Analytical (solid blue), simulation
measurement (dotted red)

TABLE I
GRID PARAMETERS

Parameter Value

Rated power 800 MVA

Rated AC-side voltage 400 kV

Rated AC-side voltage 220 kV (rms L-L)

AC Filter impedance 0.004 + j0.1 pu

Transformer impedance j0.12 pu

Equivalent DC capacitance 150 µF

Capacitive reactance 8.75 pu

Xg/Rg ratio 10

TABLE II
CONTROL PARAMETERS

Controller Time constant Damping ratio

AC-side Current 1.5 ms 0.7071

DC-side voltage 22.5 ms 0.7071

AC-side voltage 100 ms 0.7071

Phase-locked loop (PLL) 100 ms 0.7071

consumption and are closely related to the stability of inter-

connected systems [27]. Considering a linear time-invariant

(LTI) continuous system, its dissipative properties can be

determined by constructing a quadratic function (differential

and otherwise) with respect to its input/output variables [28].

If this function is positive, then the system dissipates energy

and destabilization will not occur [33]. For a VSC intercon-

nected to a passive AC grid composed of RLC components,

the passive/dissipative properties of the entire interconnected

system will depend on properties of the VSC.

Considering a VSC, the quadratic function is an input/output

transfer function that can be constructed in terms of power

dissipation according to [18]

P = vH i+ iHv (14)

where H is the Hermitian operator, v and i are complex

phasors for voltages and currents respectively [36]. As a
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prescribed function of frequency, i = Y(jω)v. Then,

vH i+ iHv = vHY(jω)v + [Y(jω)v]Hv

= vH [Y(jω) +Y
H(jω)]v

(15)

with

Y(jω) +Y
H(jω) =

[

A C∗

C B

]

(16)

with elements

A = 2Re{Ydd(jω)}, B = 2Re{Yqq(jω)}

CC∗ =
(
Y ∗

dq(jω) + Yqd(jω)
) (

Ydq(jω) + Y ∗

qd(jω)
)

= Re{Ydq(jω) + Yqd(jω)}
2 + Im{Ydq(jω)− Yqd(jω)}

2.
(17)

The above is the required quadratic function [18], [28] and

for a linearized VSC, the differential quadratic form applies.

The criterion establishes that if Y(jω) + Y
H(jω) > 0 (i.e.

passive), the system dissipates energy. That is, if the VSC can

be designed to dissipate power at all frequencies, there will

be no destabilization. However, it is impossible to guarantee

passivity across all frequencies for a VSC. Therefore, the goal

here is not to make the VSC strictly passive; rather, to improve

its dissipative properties by eliminating variables that signif-

icantly contribute to the negativity of Y(jω) + Y
H(jω). In

other words, simply reducing the area of negative conductance

is sufficient to significantly enhance the performance of a

vector controlled VSC.

The check of dissipative properties of the matrix to the right

of (16) is simply a check of positivity described by [37]

A > 0, B > 0, AB > C∗C, (18)

and due to the squares involved, C∗C ≥ 0. Following

the expressions in (17) and the above conditions, it can be

established that it is desired to have CC∗ ≈ 0. Any C∗C ≫ 0
puts a higher minimum bound on AB; hence, this imposes

difficulty on efforts to reduce the negativity or improve the

positivity of the system.

B. Decomposition of Y(s)

The dd, qq, dq, and qd elements of the VSC admittance

Y(s) are further decomposed into individual components for

ease of insights. Due to the order of the system as modeled,

several assumptions are made in the following to keep the

problem compact and to work as symbolically as possible.

Where necessary, the impacts of assumptions are indicated.

• The q-axis PCC voltage at an operating point u0
fq ≈ 0.

This holds for nearly all cases and in the worst case,

its impact almost always appear as u0
fq/U

0
f which is

negligible. Hence, P 0 = u0
fdi

0
cd/k.

• The PLL deviation angle at an operating point, θ0p = 0.

This follows from previous assumption.

• For the closed-loop reference to output transfer function

of the inner loop given as

hi
cl(s) =

Kc(s)yac(s) cos θ
0
p

1 +Kc(s)yac(s)
, (19)

following from previous assumption cos θ0p = 1 and for

a good design, Kc(s)yac(s) ≫ 1 (up to the cut-off

frequency). Therefore, the magnitude of the closed-loop

transfer function hi
cl(s) = 1. This holds up till the cut-off

frequency chosen to be around 106 Hz (≈ 1.5 ms time

response).

1) Ydd(s): Applying the assumptions above and substitut-

ing the expressions for yd(s), ydc(s), Hdd(s) from (7) into

(12), Ydd(s) can be decomposed as

Ydd(s) = add1(s) (Fd(s)− 1) + add2(s) (1− Fd(s))− add3
(20)

with coefficients

add1(s) =
yac(s)Kv(s)V

0
dc

(Kc(s)yac(s) + 1)(sCdcV 0
dc +Kv(s)V 0

dc + I0dc)

add2(s) =
yac(s)

Kc(s)yac(s) + 1
, add3 =

i0cd
u0
fd

(21)

where yac(s) is the primitive admittance of the VSC consisting

of R and L. To guarantee

Re{Ydd(jω)} ≥ 0 ∀ω

then, from (20)

=⇒ [Re{add1(jω)} · Re{Fd(jω)− 1}

− Im{add1(jω)} · Im{Fd(jω)}]

+ [Re{add2(jω)} · Re{1− Fd(jω)}

− Im{add2(jω)} · Im{Fd(jω)}]− add3 ≥ 0. (22)

For an all-pass feedforward filter

Re{Fd(jω)} = 1; Im{Fd(jω)} = 0, ∀ω (23)

therefore, add1 and add2 cancel out in (22). Clearly, the

real part of Ydd(jω) would depend on −add3. Hence, in

rectification (where i0cd > 0), Re{Ydd(jω)} < 0, whereas in

inversion (where i0cd < 0), Re{Ydd(jω)} > 0. For a first order

low pass filter with bandwidth less than or equal to that of the

CC, Fig. 6a shows the impacts of varying cut-off frequencies

of the feedforward filter Fd(s) on the d-axis component at

rated operating point for rectifier operation (P 0 = 1 pu). It

can be seen that the conductance Re{Ydd(jω)} < 0 for all

frequencies for an all-pass feedforward filter. Whereas, for

a feedforward filter with a cut-off frequency less than the

CC bandwidth, Re{Ydd(jω)} > 0 for frequencies beyond

the synchronous region. However, below the synchronous

frequency, the feedforward filter introduces more negativity

compared to an all-pass filter in the same region. This is

the same region where the effect of a weak grid is most

severe. Likewise for inverter operation at rated operating

point (P 0 = −1 pu) shown in Fig. 6b, an all-pass filter

guarantees Re{Ydd(jω)} > 0 for all frequencies. However,

for any feedforward filter with a cut-off frequency less than

the bandwidth of the CC, the filter introduces negativity into

an otherwise positive component.

In summary, the feedforward filter introduces detrimental

interactions below the synchronous frequency, despite signif-

icant improvements they provide above it. A simple solution

is to adopt an all-pass filter under weak grid conditions in

addition to other potential solutions.
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For a case where u0
fq 6= 0 with an all-pass feedforward

filter, Ydd(s) can be decomposed as

Ydd(s) =
Ku(s)Kv(s)V

0
dcu

0
fq

(sCdcV 0
dc +Kv(s)V 0

dc + I0dc)U
0
f

− add3 (24)

without further simplifications, it can be easily conjectured

from (24) that reducing the bandwidth of the DVC and

increasing the bandwidth of the AVC may reduce the area

of negative conductance. However, this depends on the actual

value of u0
fq , the lower the value, the less influence the AVC

has on passivity of the system.

The impacts of varying the closed-loop bandwidths of the

DVC with an all-pass filter while the bandwidth of the AVC is

kept constant in rectification is shown in Fig. 7a. It can be seen

that, although the conductance is negative for all frequencies,

in the near synchronous region, the faster the bandwidth of the
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Fig. 8. Impact of varying closed-loop bandwidth αu of the AVC on A =
2Re{Ydd(jω)} (a) rectification (b) inversion

DVC, the more negative the conductance becomes. Moreover,

if an acceptable operation can be guaranteed without the

integral gain, the resulting reduction in negative area can

improve the behavior. In the inversion stage as shown in Fig.

7b, the conductance remains positive as long as an all-pass

filter is employed. A suggestion is to adopt a slower DVC

bandwidth at a cost of performance degradation of the direct

voltage, however, a compromise could be found.

The impacts of varying the closed AVC bandwidth in

rectification and inversion while keeping the bandwidth of the

DVC constant is shown in Fig. 8. In both power stages, the

impact of the AVC bandwidth is quite negligible (even for

u0
fq 6= 0) at least on the d-axis .

2) Yqq(s): Applying the assumptions as previously, and

evaluating Yqq(s) as given in (9)

Yqq(s) = yqq(s)

= aqq1(s) + aqq2(s) (1− Fq(s)) + aqq3(s)
(
u0
fd − u0

cd

)

(25)

with coefficients

aqq1(s) =
yac(s)Kc(s)Kpll(s)i

0
cd

(Kc(s)yac(s) + 1)(u0
fdKpll(s) + s)

aqq2(s) =
yac(s)s

(Kc(s)yac(s) + 1)(u0
fdKpll(s) + s)

aqq3(s) =
yac(s)Kpll(s)

(Kc(s)yac(s) + 1)(u0
fdKpll(s) + s)

(26)

where u0
cd is the converter alternating voltage on the d-axis.

To guarantee Re{Yqq(jω)} ≥ 0

=⇒ Re{aqq1(jω)}+ [Re{aqq2(jω)} · Re{1− Fq(jω)}

− Im{aqq2(jω)} · Im{Fq(jω)}]

+ Re{aqq3(jω)} (ufd − ucd) ≥ 0. (27)

For an all-pass filter, aqq2 cancels out. For a case where uq0
f 6=

0, an additional term
(

Ku(s)u
0

fq

U0

f

)

adds to Yqq(s), however,
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Fig. 9. Detailed view below 2f1 for impact of varying cut-off frequency
of feedforward filter on B = 2Re{Yqq(jω)} when (u0

fd
− u0

cd
> 0) (a)

rectification (b) inversion

small enough to be negligible. Therefore,

Re{Yqq(jω)} ≥ 0 ⇐⇒

Re{aqq1(jω)} ≥ 0,
(
u0
fd − u0

cd

)
≥ 0.

Re{aqq1(jω)} is dependent on active power operating point,

whereas the difference (ufd−ucd) is dependent on the reactive

power requirements demanded of the converter under any grid

conditions. This sets the major difference between passivity

of Ydd(s) and Yqq(s) components, where the former depends

mainly on active power operating point, but the latter on both

active power and reactive power demands in any direction.

More importantly, under fairly strong grids where the re-

active power requirements can be easily managed and fairly

constant across operating points, the difference (ufd−ucd) is

positive. In rectification, if the difference is negative at all, un-

der such conditions the negativity is mitigated by the positivity

of aqq1(s); thus, Re{Yqq(jω)} > 0. However, under weak

grids, the difference becomes negative with increasing active

power due to severe reactive power requirements demanded of

the converter. Hence, the negativity increases with increasing

active power leading to instability when the positivity due

to aqq1(s) (since its positivity is limited by rated current) is

lower than the negativity due to (ufd − ucd). In inversion,

the negative sign of i0cd makes Re{Yqq(jω)} < 0, and this is

further compounded by the negativity of (ufd − ucd) under

weak grids.

The impacts of varying cut-off frequencies on the feedfor-

ward filter on the q-axis component in the rectification stage

when the difference (u0
fd − u0

cd) > 0 is shown in Fig. 9a. It

is shown that Re{Yqq(jω)} > 0 for all frequencies of interest

and for any feedforward filter due to Re{aqq1(jω)} > 0 and

Re{aqq3(jω)} > 0. Whereas in inversion as shown in Fig.

9b, Re{Yqq(jω)} < 0 for all frequencies with an all-pass

filter, however, significantly less negative with a low cut-off

frequency feedforward filter. This generally suggests that a

feedforward filter should be adopted. However, due to potential

negativity of (ufd−ucd) under very weak grid conditions and

high power, the feedforward filter only marginally improves

the capabilities.

3) Ydq(s) and Yqd(s): According to (16) both Ydq(s) and

Yqd(s) contribute to CC∗. From equation (12), Ydq(s) can be

decomposed as

Ydq(s) = −adq1(s)
V 0
dci

0
cq

u0
fd

+ adq2(s)u
0
cq − adq3(s)i

0
cq (28)

with coefficients

adq1(s) =
Kv(s)

(

s(Kc(s)yac(s) + 1) +Kpll(s)u
0
fd

)

(

Kpll(s)u
0
fd + s)(Kc(s)yac(s) + 1

)

(
V 0
dc(sCdc +Kv(s)) + I0dc

)

adq2 =
Kpll(s)yac(s)

(
sCdcV

0
dc + I0dc

)

(

Kpll(s)u
0
fd + s)(Kc(s)yac(s) + 1

)

(
V 0
dc(sCdc +Kv(s)) + I0dc

)

adq3(s) =
Kpll(s)Kc(s)yac(s)

(Kpllu0
fd + s)(Kc(s)yac(s) + 1)

It is clear that Ydq(s) depends on a complex interplay between

reactive power, DVC, and PLL closed-loop control. Similarly,

applying the assumptions and evaluating Yqd(s) as given in

(9)

Yqd(s) = −Ku(s) (29)

clearly, Yqd(s) depends on the closed AVC compensator

Ku(s). Particularly, Re{Yqd(jω)} depends on the proportional

gain of the alternating voltage compensator, and Im{Yqd(jω)}
depends on the integral gain.

It was previously mentioned that a lower bound on CC∗

directly results in a lower bound on AB and hence, the relative

ease of improving the overall passivity. To obtain CC∗ ≈ 0,

it is required that

(Re{Ydq(jω)}+ Re{Yqd(jω)})
2
≈ 0

(Im{Ydq(jω)} − Im{Yqd(jω)})
2
≈ 0.

(30)

It was suggested from the passivity checks in the previous case

to adopt a low bandwidth DVC to reduce the negativity of the

system. For a reduced DVC bandwidth to around 15 Hz, Fig.

10 depicts the impacts of varying PLL closed-loop bandwidths

on the off-diagonal components in rectification and inversion

respectively. In rectification as shown in Fig. 10a, it can be

seen that CC∗ is very low (≈ 0). In inversion as shown in Fig.

10b, increasing peaks can be seen around the bandwidth of the

DVC as the PLL closed-loop bandwidth is increased. That is,

a reduced DVC bandwidth puts stringent conditions on the

diagonal elements if a faster PLL bandwidth is required. This

is contrary to the benefits of the reduction of the bandwidth

for the DVC from the case of the Ydd. This is the result of

a resonance between the DVC and the PLL as acknowledged

in [38]. As such, a change in closed-loop bandwidth of the

DVC moves the resonance; whereas a change in closed-loop

bandwidth of the PLL increases or decreases the severity of the

resonance. Hence, a slow bandwidth PLL should be adopted to

obtain CC∗ ≈ 0 as much as possible. Otherwise, the dynamics
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Fig. 10. Detailed view below f1 for varying PLL closed-loop bandwidths on
CC∗ (a) rectification (b) inversion

of the direct voltage could be improved with additional terms

such as a damping loop if a faster PLL is desired.

IV. PROPOSED MODIFICATION OF VECTOR CONTROL

Physically, the main control challenge of a VSC under a

weak grid is an effort by the converter to force the AVC

to perform two strongly coupled functions—PCC voltage

magnitude control and reactive power management through

the same control channel and input. In the same vein, the

bandwidth of the DVC may constrain the performance of the

AVC, especially under weak grids.

The major proposition involves an additional open-loop

feedforward (on the q-axis of outer loop) of the difference

(ufd − ucd) thereby decoupling the discussed functions. This

difference implicitly encodes the actual grid impedance and re-

active current required relative to the operating point, without

the requirement to estimate the grid impedance as suggested

in literature. In addition, due to the effects of reducing the

bandwidth of the DVC as analysed, a bandpass filter may be

adopted to mitigate ac and dc sides interactions. The described

modification of outer loops of vector current control is shown

in Fig. 11. Under strong grids, this acts as a redundant loop to

the AVC as both share the reactive current requirements. The

overall modification on both axis can be described by

i∗cd =
(
V ∗

dc − Vdc

)(
Kv(s) + Fv(s)kfv

)

i∗cq = Ku(s)
(
U∗

f − Uf

)
+ Fu(s)

(
ufd − ucd

)
kfu

(31)

where kfv and kfu are constant gains, Fv(s) is a bandpass

filter, and Fu(s) is a low pass filter with structures described

by

Fv(s) =

ωv0

Q
s

s2 + ωv0

Q
s+ ω2

v0

, Fu(s) =
ωu

s+ ωu

(32)

where ωv0 is the midpoint of frequencies of interest, and ωu

is the cut-off frequency of the low pass filter Fu(s) of the

additional feedforward term (ufd−ucd); ωu should be chosen

well below the bandwidth of the inner loop.

(a) (b)

Fig. 11. Modified outer loops of vector current control (a) d-axis modification
(b) q-axis modification
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Fig. 12. Comparison between the passivity with (dashed) and without
modifications (bold) of the vector controlled VSC for A = 2Re{Ydd(jω)}
and B = 2Re{Yqq(jω)} (a) rectification (b) inversion

Fig. 12 shows a comparison between the passivity with

and without modifications for the case of all-pass feedforward

filters. As expected, slight improvements on the d-axis in

rectifying operation and better improvement in the inverting

operation on q-axis.

To further verify the improvements of the modified VCC

structure over the existing structure, Fig. 13 shows the

impedance magnitude response characterization of the VSC

with the conventional VCC structure, across the entire op-

erating range of the converter. Overall, the characterization

indicates the relative ease of transition from one operating

point to another. The conventional VCC structure shows

several peaks and a non-smooth surface across the operating

range from rectification (1 pu) to inversion (−1 pu). It also

shows the dependence of VSC behavior on operating point

and difficulty in transition for the conventional VCC structure

under severe grid conditions. In the same manner, Fig. 14

shows the impedance response characterization of the modified

structure. In general, the surface is remarkably smoother and

void of peaks; this indicates an easier transition between

operating points.

V. TIME-DOMAIN SIMULATION AND ANALYSIS

The previous sections relied on analytical derivations and

frequency domain analysis. Nonlinear time-domain simula-

tions are adopted to support previous analysis and validate

the proposed modifications and exact capability limits. Several

scenarios are simulated for both inverter and rectifier opera-

tions. Simulations are demonstrated first for an ac grid of SCR

= 1. In later cases, capability under any arbitrary grid strength
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Fig. 13. VSC impedance magnitude characterization with the existing VCC
across the entire operating range from −1—1 pu
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Fig. 14. VSC impedance magnitude characterization with the modified VCC
across the entire operating range from −1—1 pu

Fig. 15. Global overview of the overall system with the modified control
structure

is demonstrated. Fig. 15 illustrates the global overview of the

entire interconnected system and modified control structure as

simulated in this section.

A. Comparisons to Conventional Vector Control

Figs. 16 and 17 shows the comparison of responses between

the conventional vector control and the proposed modifications

for the inversion and rectification stages respectively. The

significant improvement over the existing structure particularly

for inverter operation is clear considering the simplicity of

modifications. With the conventional control, inverter opera-

tion is poorer than rectification due to the increased negative

conductance in inversion as a result of the current sign.
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-1

-0.5

0

0.5

 

Fig. 16. Comparison between conventional vector control (dashed) and
proposed modification (solid) in inverter operation
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0

0.5

1

Fig. 17. Comparison between conventional vector control (dashed) and
proposed modification (solid) in rectifier operation

Whereas in rectification there is an improvement over inver-

sion due to the positive sign of current up to a region where

negative conductance cannot be mitigated by the positive

current sign. With the modified loops, inversion is possible up

to −1 pu from −0.3 pu with the existing loop. In rectification,

capability extends to 0.85 pu from 0.6 pu with the existing

loop. This indicates an extended capability with the modified

loop.

B. Capability Under Varying Operating Conditions

To demonstrate the capabilities of the modified vector

current-controlled VSC, Fig. 18 shows the time-domain re-

sponses of active power, direct and alternating voltages over

persistent step changes in dc link power across inverter opera-

tion. It shows the efficacy of variables in tracking the desired

references up to −1 pu active power limit within a response

time of 20 ms. It is also seen that although the alternating

and direct voltage responses consist of slight oscillations

and magnitude deviation during the instant of step changes,

deviations are well within 1% for direct voltage and 1.5% for

alternating voltage, and oscillations are well-damped without

significant degradation.

Likewise for the rectifier operation, Fig. 19 shows the sim-

ilar responses. As can be clearly observed, with the proposed

modification, rectification is only possible up to ≈ 0.85 pu The

inability to go further is the result of severe reactive power

requirements under in rectifier operation compared to inverter

operation. To further demonstrate the active power capabilities

with the proposed modifications in rectifier operation under an

improved grid strength, Fig. 20 shows the comparison of active

power capabilities under SCR = 1 and SCR = 1.5 showing that

the rated power capability is possible with SCR = 1.5 with a

limited reactive power support at the PCC. This is due to a

considerable reduction in reactive requirements from the VSC

under SCR = 1.5 allowing more room for active power

and slight overrating of the converter to allow up to 1.02
pu of active power.
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Fig. 18. Responses of controlled variables under varying operating points
in inverter operation with the proposed modifications. Reference (dashed),
measurement (solid) (a) active power (b) direct voltage (c) alternating voltage
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Fig. 19. Responses of controlled variables under varying operating points
in rectifier operation with the proposed modifications. Reference (dashed),
measurement (solid) (a) active power (b) direct voltage (c) alternating voltage

C. Reactive Behavior Under Changing Grid Conditions

Fig. 21 demonstrates the converter reactive behavior with

proposed modifications under changing grid strength in in-
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Fig. 20. Comparison of active power capabilities under SCR 1 (dashed) and
1.5 (solid) with limited reactive power support at the PCC

2 4 6 8 10 12 14 16 18

0

0.2

0.4

 

(a)

(b)

Fig. 21. Reactive behavior under varying grid condition in inversion (a)
Reactive power (b) voltage difference (ufd − ucd) across filter on d-axis

verter operation. It shows clearly in (a) the reactive require-

ments demanded from the converter under SCR = 1 compared

to SCR = 1.5 given both grids are still relatively very weak.

As grid conditions improve towards a stronger grid, reactive

support required of converter drops considerably. Additionally,

(b) supports the analysis in the previous section on the sign

of (ufd −ucd) in weak grids. As can be observed, for a fairly

strong to strong grid (SCR > 3), the difference is positive

across all operating points and reactive requirements are easily

managed. However, the difference becomes negative at (SCR

< 3) as the grid is severely weakened and the magnitude of

negativity increases with increasing active power. The same

behavior applies to rectifier operation.

VI. CONCLUSIONS

A detailed MIMO impedance model of a vector controlled

VSC in alternating and direct voltage control mode has been

derived. The concept of passivity/dissipativity has been applied

to obtain insights into variables that may contribute to detri-

mental behavior. Interestingly, several variables were found in

which under fairly strong grids (SCR ≥ 3) behave as expected.

However, under weak grids, the same variables significantly

contribute to instability. Hence, a solution is to feedforward

these variables or combinations thereof through a modification

of the existing structure, thereby partially eliminating their

influence. From a dissipativity point of view, this significantly

reduces the deficit in internal energy balance. In summary, it
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is found that the simple modification proposed significantly

improves the active power capability from −1 pu in inversion

to 0.85 pu in rectification in very weak grid condition (SCR

= 1), and across the entire operating range once SCR improves

to as low as 1.5, without changing the basic structure of the

vector control. Results indicate the performance under any

arbitrary grid strength and demonstrate that complex strategies

are not required.
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