
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 8, AUGUST 2025 10973

A Dispatchable Virtual Oscillator Controller in the dq
Frame With Enhanced Grid-Forming Power

Reference Tracking Capability
Zheran Zeng , Graduate Student Member, IEEE, Jiayu Fan , Yin Sun, Member, IEEE, Songda Wang ,

and Dongsheng Yang , Senior Member, IEEE

Abstract—The classic implementation of dispatchable virtual
oscillator control (dVOC) in the stationary αβ frame results in
suboptimal steady-state and dynamic power reference tracking
performance in grid-connected converters. This occurs because the
control variables are ac components, while the converter phase an-
gle cannot be directly controlled in theαβ frame. To enhance power
reference tracking capability, a new dVOC controller implemented
in the dq frame is proposed by transforming the dynamics of the
instantaneous angular frequency and voltage magnitude of the
dVOC-controlled voltage vector into the local synchronous rotating
frame of the converter. The dq-frame implementation not only
eliminates steady-state power tracking errors, but also significantly
enhances dynamic power reference tracking speed through direct
control of the converter phase angle, without compromising the
inherent working principle of dVOC. In addition, for the first time,
the proposal of the dq-frame dVOC controller explicitly reveals
the intrinsic connection between dVOC and power-synchronization
control, two predominant GFM methods, in terms of their control
block structures. It also streamlines the small-signal modeling of
the dVOC controller. The effectiveness of the new dVOC controller
in the dq frame is validated through experimental results.

Index Terms—Dispatchable virtual oscillator control (dVOC),
grid-forming (GFM) control, power reference tracking capability,
stationary αβ frame, synchronous dq frame.

I. INTRODUCTION

TO INTEGRATE more renewable energy resources, grid-
forming (GFM) technology has emerged as a promising

solution for weak grid connections [1], [2]. Conventional GFM
methods are based on the digital emulation of synchronous
machine operations, such as droop control [3], [4], power-
synchronization control (PSC) [5], and virtual synchronous
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machine (VSM) [6]. Collectively, these methods are referred
to as machine-emulation-based (MEB) GFM control in this ar-
ticle. Recently, a class of nonlinear time-domain GFM methods,
known as virtual oscillator control (VOC), has been proposed
to emulate the dynamics of nonlinear limit-cycle LC oscillators,
including dead-zone [7], [8], [9], Van der Pol [10], [11], [12],
and Andronov-Hopf (AH) oscillators [13], [14]. In contrast to
phasor-based MEB control, VOC is a time-domain method that
offers superior dynamic performance, as it eliminates the need
for additional filters or averaging [15], [16]. Moreover, VOC
methods inherently achieve self-synchronization and converge
to a steady-state limit cycle from any arbitrary initial condition,
except for the origin [17].

Building upon the foundational VOC methods, dispatchable
VOC (dVOC) has been developed to effectively regulate active
and reactive power output based on specified setpoints [18],
[19], [20], [21], [22], [23], [24], [25], [26], [27]. Inspired by
consensus in multiagent networks, dVOC is designed for grid-
connected voltage source converters (VSCs) [18]. Generally, to
emulate the oscillatory behavior of an LC tank, these VOC and
dVOC methods generate orthogonal signals in the stationary
αβ frame, and the standard approach for executing these strate-
gies is to discretize the oscillator circuit dynamics in the αβ
frame [14], [17], [27].

To enhance the fault ride-through (FRT) capability of dVOC,
a unified VOC (uVOC) was proposed in [18] and [19]. This
method has the same dynamics as the AH-based dVOC in
GFM mode but can also operate in the current-limitation mode
by removing the voltage correction part. Unlike the standard
execution approach that discretizes oscillator circuit dynamics,
uVOC employs a control block structure in the αβ frame to
replicate intrinsic LC tank oscillations. In addition, a dual-loop
structure-based dVOC has been proposed to improve current-
limiting ability [21], [22], [23]. This method integrates cascaded
two-level voltage and current controllers as the inner loop,
implemented either in theαβ or dq frame. However, the primary
dVOC oscillator, which serves as the outer-loop control, remains
implemented in the αβ frame.

In summary, to the best of our knowledge, VOC and dVOC
methods have exclusively been implemented in the stationary
αβ frame so far to generate the orthogonal components of
the controlled voltage vector, vα and vβ. However, this classic
αβ-frame implementation of dVOC, hereafter termed the classic

0885-8993 © 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and similar technologies.
Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on February 25,2026 at 16:22:30 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0009-0006-6684-6916
https://orcid.org/0000-0001-9217-7484
https://orcid.org/0000-0002-2034-2812
https://orcid.org/0000-0002-1808-1908
mailto:z.zeng@tue.nl
mailto:j.fan1@tue.nl
mailto:d.yang1@tue.nl
mailto:yin.sun@shell.com
mailto:Songda.Wang@shell.com
https://doi.org/10.1109/TPEL.2025.3556325


10974 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 8, AUGUST 2025

dVOC controller, exhibits limited steady-state and dynamic
power reference tracking performance.

The steady-state power reference tracking performance of
dVOC has rarely been discussed in the literature. On the one
hand, the digital control delay within the harmonic oscillator
loop of the classic dVOC controller introduces a significant reac-
tive power tracking error. This error arises from the phase angle
shift between vα and vβ induced by the digital control delay,
which is inevitable in the αβ-frame implementation to prevent
an algebraic loop [28]. On the other hand, employing active
damping, such as a virtual resistor (VR), in the classic dVOC
controller leads to a deviation between the active power refer-
ence and the actual active power output. To dampen synchro-
nization frequency resonance (SFR) in weak grid connections,
a low-pass filter is typically used as the VR in the classic dVOC
controller [18], [19]. However, this VR consumes real power
because the control and feedback variables in the αβ frame
are ac components at the synchronous frequency [18], [19],
which coincides with the SFR frequency. This alignment makes
it impossible for the classic dVOC controller to dampen SFR
without impacting active power flow.

These steady-state power errors impede the accuracy of power
reference tracking, posing challenges in application scenarios
where precise power flow regulation is critical, such as in high-
voltage direct current (HVDC) converters [29], [30]. In addition,
these power errors complicate the design of appropriate droop
factors for the relationship between active power and frequency,
as well as between reactive power and voltage magnitude in
inductance-dominated power systems [3], [4].

In terms of dynamic power reference tracking performance,
there is an inherent trade-off between inertial response and
power reference tracking speed in MEB converters [31], [32],
[33]. Specifically, a high virtual inertia leads to a slower dy-
namic response to power reference variations. However, certain
applications, such as wind turbines that utilize rotor energy to
provide inertial response to the power system [34], [35], and
HVDC terminals, require both fast dynamic tracking of power
reference variations and significant inertial response to grid
frequency fluctuations. This trade-off also applies to dVOC,
which demonstrates similar operational droop relationships to
MEB controllers [15], [16].

For increasing dynamic power reference tracking speed with-
out influencing inertial responses, a phase angle feed-forward
(PAFF) strategy was introduced in MEB controllers. This strat-
egy directly adds a PAFF term to the phase angle generated
by the virtual swing equation [36], [37], [38]. The PAFF term
does not affect the system modes or the inertial response to grid
frequency variations [37], [38]. However, this PAFF strategy
cannot be directly applied to the classic dVOC controller since
the converter phase angle θ is not directly and explicitly con-
trolled. Instead, it is embedded within the control of vα and vβ.
While studies [20], [21], [22], [23] have proposed calculating
θ using the mathematical transformation θ = arctan(vβ/vα),
this approach becomes invalid in the presence of harmonics.
This limitation is analogous to the necessity of a phase-locked
loop (PLL) in the grid-following (GFL) method [39], where
the calculation of the grid phase angle cannot rely on this
transformation when harmonic distortion affects the α and β

components of the grid voltage. As a result, the phase angle θ in
the classic dVOC controller cannot be accurately acquired and
modified by the PAFF term as it can in MEB controllers.

Furthermore, although extensive research has been conducted
comparing dVOC and MEB methods [15], [16], [40], these stud-
ies are based on their control dynamics, with none establishing
an intrinsic connection between the two from the perspective of
control block structure. In addition, although the classic dVOC
controller is implemented in the αβ frame, its small-signal
modeling has paradoxically been conducted exclusively in the
dq frame in the literature [18], [22], [27]. This modeling process
is not intuitive.

Therefore, to enhance the power reference tracking capa-
bility of dVOC in both steady-state and dynamic conditions,
a new dVOC controller in the dq frame is proposed for the
first time. This new dVOC controller not only achieves zero
steady-state power errors but also provides faster dynamic power
reference tracking speed while preserving the inherent inertial
responses. Importantly, these enhancements are realized without
compromising the intrinsic working principle of dVOC. The key
contributions of this article are summarized as follows.

1) A new dVOC controller in the dq frame is proposed to
enhance the power reference tracking capability of dVOC.
Besides, the dq-frame implementation reveals the intrinsic
connection between dVOC and PSC in terms of their con-
trol block structures and makes the small-signal modeling
of the dVOC controller more intuitive.

2) Numerical expressions for steady-state power tracking
errors, including the reactive power error caused by the
digital control delay and the active power deviation re-
sulting from the VR implementation, are derived. These
errors can be eliminated in the new dVOC controller due
to the control of dc variables rather than ac variables.

3) The dynamic power reference tracking speed is signifi-
cantly increased through the implementation of the PAFF
strategy, which is not achievable in the classic dVOC con-
troller. This improvement stems from the explicit control
of the converter phase angle in the new dVOC controller.

The comparison between different VOC and dVOC methods
is summarized in Table I. The rest of this article is organized
as follows: Section II presents the theoretical derivation of the
new dVOC implementation in the dq frame. Section III analyzes
the steady-state power tracking errors in the classic dVOC
controller and demonstrates how these errors can be eliminated
in the new dVOC controller. Section IV discusses the improved
dynamic power reference tracking speed achieved in the new
dVOC controller. The effectiveness of the proposed controller
is validated through experimental results in Section V. Finally,
Section VI concludes this article.

II. IMPLEMENTATION OF dVOC

This section reviews the time-derivative of the voltage vector
and the implementation of the classic dVOC controller. Fol-
lowing this, the new implementation of the dVOC controller in
the dq frame is derived, which, for the first time, uncovers the
intrinsic connection between dVOC and PSC in terms of their
control block structures.
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TABLE I
COMPARISON OF DIFFERENT VOC AND dVOC METHODS

Fig. 1. Vector diagram of v and its time-derivative [18].

For clarity, hereafter, bold letters denote complex space vec-
tors. The subscripts abc and αβ refer to vectors in the stationary
abc and αβ reference frames, respectively. The subscript dq
represent variables in the converter local synchronous reference
frame, while DQ denote variables in the grid synchronous ref-
erence frame. Italic letters stand for scalar variables and real
transfer functions, while the reference for a controlled variable
is denoted by appending the subscript r.

A. Time-Derivative of Voltage Vector

To regulate a grid-connected converter, a dynamic control law
for the converter voltage vector v needs to be established. The
voltage vector is defined by two parts: the instantaneous voltage
magnitude V (t), and the instantaneous angular frequency ω(t).
Awal and Husain [18] has analyzed the underlying operational
principles of V (t) and ω(t) on v through the time derivative of
v, expressed as

d

dt
(v) =

[
jω +

1

V

d

dt
(V )

]
v. (1)

For brevity, (t) is omitted from all instantaneous variables.
Based on (1), the vector diagram of v and its time-derivative
can be plotted in Fig. 1. It is evident that the imaginary part

jω represents the instantaneous speed of rotation, while the real
part 1

V
d
dt (V ) denotes the normalized rate of change of the vector

magnitude [18]. Operating on the converter local synchronous
reference frame, v is aligned along the d-axis. Therefore, for the
time-derivative in (1), its real part acts on the original vector v
along the d-axis, while its imaginary part acts on the original
vector v along the q-axis, respectively [18].

B. Classic Implementation of dVOC in the αβ Frame

The classic dVOC control law for the converter voltage vector
is formulated in the αβ frame and is expressed as [18]

d

dt
(v) = jωrv︸ ︷︷ ︸

Har. osc.

+μ
(
V 2
r − V 2

)
v︸ ︷︷ ︸

Magnitude correction

+ η (ir − i) ejφ︸ ︷︷ ︸
Sync. feedback

(2)

where ωr and Vr denote the angular frequency reference and
voltage magnitude reference, respectively. μ and η are two con-
trol parameters, while φ is a design parameter used to rotate the
current error vector Δi = ir − i = Δiα + jΔiβ for a desired
droop relationship. The current reference vector ir = iαr + jiβr

and actual current vector i = iα + jiβ are calculated as [41]
[
iαr

iβr

]
=

2

3

1

V 2

[
vα vβ
vβ −vα

] [
Pr

Qr

]
(3a)

[
iα
iβ

]
=

2

3

1

V 2

[
vα vβ
vβ −vα

] [
P
Q

]
(3b)

where v = vα + jvβ. Pr and Qr are the active and reactive
power references, respectively, while P and Q are the actual
active and reactive power outputs from the converter.

According to (3), the current error vector Δi is given by

Δi = (iαr − iα) + j (iβr − iβ)

=

[
2

3

1

V 2
(Pr − P )

]
v + j

[
−2

3

1

V 2
(Qr −Q)

]
v

= (eiP + jeiQ)v. (4)
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Fig. 2. Classic implementation of dVOC controller in the αβ frame [18].

Assuming φ = π/2 for an inductance-dominated grid and
substituting (4) into (2) gives

d

dt
(v) = [j (ωr + ηeiP) + (μev − ηeiQ)]v. (5)

where ev = V 2
r − V 2.

Comparing (5) and (1), the dynamics of the instantaneous
angular frequency and voltage magnitude of v can be derived
as [18]

d

dt
(V ) = μV

(
V 2
r − V 2

)− ηV eiQ, along d-axis (6a)

ω = ωr + ηeip, along q-axis. (6b)

Therefore, the operational principle of (2) can be illustrated
as follows: the harmonic oscillator term jωrv is applied to the
q-axis, rotating the voltage vector v at ωr rad/s with arbitrary
magnitude. The synchronization feedback term realigns the
voltage vector and adjusts the vector magnitude to track Pr and
Qr. The magnitude correction term η(ir − i)ejφv is exerted
radially along the d-axis on the voltage vector, bringing the
vector magnitude to Vr regardless of the initial conditions. The
classic implementation of the dVOC controller in the αβ frame
is shown in Fig. 2 [18], [19].

C. New Implementation of dVOC in the Dq Frame

The voltage vector v can also be expressed as v = Vd + jVq

in the synchronous reference frame. In the local synchronous
reference frame of the converter (the dq frame), v is aligned
with the d-axis, meaning Vd = V while Vq = 0. Applying the
Park transformation to both sides of the equations in (3) gives[

idr

iqr

]
=

2

3

1

V 2

[
V
−V

] [
Pr

Qr

]
(7a)

[
id
iq

]
=

2

3

1

V 2

[
V
−V

] [
P
Q

]
(7b)

where ir = idr + jiqr, i = id + jiq in the dq frame.
Substituting (7) and (4) into (6) and replacing v = V , the

dynamics of ω and V in the dq frame can be obtained as

d

dt
(V ) = μV

(
V 2
r − V 2

)− η

(
−2

3

Qr

V
− iq

)
(8a)

ω = ωr + η

(
2

3

Pr

V
− id

)
1

V
. (8b)

Fig. 3. New implementation of dVOC controller in the dq frame.

Fig. 4. Control structure of the PSC controller.

Inspired by (8), the dVOC controller can also be implemented
in the dq frame, as shown in Fig. 3. Notably, the control
parameter η is split into η1 and η2 in the new dVOC con-
troller to enable the decoupled design of the active and reactive
power control loops. This new implementation transforms the
dynamics of the instantaneous angular frequency and voltage
magnitude of the dVOC-controlled voltage vector from the αβ
frame to the dq frame without changing the intrinsic working
principle of dVOC. Consequently, the well-developed method-
ologies for small-signal analysis [18], [22], [27] and large-signal
analysis [40], [42], [43], [44] in the classic αβ-frame dVOC
controller can be directly applied to the new dq-frame dVOC
controller, as both implementations exhibit identical controller
dynamics.

D. Control Block Structure Comparison Between New dVOC
and PSC Controllers

The dq-frame implementation of dVOC explicitly reveals the
intrinsic connection between dVOC and PSC from a control
block structure perspective. Fig. 4 shows the structure of the
PSC controller, where k1 and k2 represent two control parame-
ters [5]. Initially, the nonlinear loop of the new dVOC controller,
highlighted in red in Fig. 3, is excluded. The rest structure can
be equivalently transformed into the structure shown in Fig. 5.
By comparing Figs. 4 and 5, it becomes clear that the dVOC
controller without the nonlinear loop is equivalent to the PSC
controller, provided the conditions below are met

k1 =
2

3

η1
V 2

(9a)

k2 = −2

3

η2
V
. (9b)

In normal operations, the variation in V is minimal, indi-
cating similar loop gains between the two controllers, given the
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Fig. 5. Control structure transformation of the new dVOC controller without
the nonlinear loop.

control parameter settings in (9). Therefore, from a control block
structure perspective, the dVOC controller can be viewed as a
PSC-like controller, as shown in Fig. 5, with the addition of
a nonlinear loop. This nonlinear loop is designed to bring the
converter voltage magnitude V to its setpoint Vr, regardless of
the initial operating conditions [27].

However, during large grid disturbances, the dVOC controller
outperforms the PSC, particularly under tight voltage regulation
enabled by the nonlinear loop. It ensures superior transient
stability, monotonic power angle responses without oscillations,
and faster synchronization, as thoroughly analyzed in [40].

E. Small-Signal Modeling of Controller

Although the classic dVOC controller is implemented in
the αβ frame, its small-signal model is typically developed
in the synchronous reference frame to simplify the modeling
process [18], [22], [27]. This modeling relies on the equations
in (6) in the synchronous reference frame, instead of directly
modeling the controller based on the controller structure in
Fig. 2, which is cumbersome and counterintuitive.

In contrast, implementing the dVOC controller in the dq
frame can significantly streamline the small-signal modeling
process. This new implementation allows for direct modeling
of the dVOC controller based on the controller structure shown
in Fig. 3, as the new controller structure maintains a one-to-one
mapping with the large-signal equations in (8). Thus, it becomes
straightforward and intuitive to perform small-signal perturba-
tions directly based on the new dVOC controller itself.

III. STEADY-STATE POWER REFERENCE TRACKING ERRORS

This section derives the numerical expressions for the steady-
state power errors inherent in the classic dVOC controller,
specifically the reactive power error caused by digital control
delay and the active power deviation resulting from the VR
implementation. However, it is demonstrated that these errors
can be effectively eliminated in the new dVOC controller.

Fig. 6. Analyzed control loop for digital control delay effects in the classic
dVOC controller.

A. Reactive Power Tracking

1) Reactive Power Error Relative to Digital Control Delay in
the Classic dVOC Controller: Whether referring to the circuit
model [24], [27] or the control block model [18], [19], the
classic dVOC controller incorporates an integrator 1

s to achieve
accurate tracking of active and reactive power references, and
the harmonic oscillator term jωr to trace the converter refer-
ence frequency ωr, as highlighted in the blue-marked area in
Fig. 2 [18], [19]. However, to avoid an algebraic loop resulting
from the direct feed-through between the integrator output and
its input via the harmonic oscillator term, a one-step sampling
delay needs to be implemented by the digital control system
into the feedback loop [28]. In addition, other time lags, such as
integrator discretization and communication latency, may exist
within this closed control loop. These delays can be collectively
denoted asTd, which exerts a substantial influence on the reactive
power tracking performance of the classic dVOC controller.
To simplify the analysis, μ is set to zero, enabling a focused
investigation of the delay effects within the control loop in the
αβ frame, as illustrated in Fig. 6.

Given that all control variables are in the αβ frame, the
following assumptions can be made to assess the delay impacts:

vα = V cos (ωt+ θv) (10a)

vβ = V sin (ωt+ θv) (10b)

Δiα = ΔI cos (ωt+ θi) (10c)

Δiβ = ΔI sin (ωt+ θi) (10d)

where ΔI =
√
Δi2α +Δi2β, θv and θi represent the voltage

angle and current angle, respectively. Taking into account the
control diagram in Fig. 6 and including the time lag Td into the
feedback loop, the values of vα and vβ at the time point t can
be computed as

vα(t) =

∫
Δiα

′(t)dt− ωr

∫
vβ (t− Td) dt (11a)

=
η

ω
ΔI cos (ωt+ θi) +

ωr

ω
V cos (ωt+ θv

′)

vβ(t) =

∫
Δiβ

′(t)dt+ ωr

∫
vα (t− Td) dt

=
η

ω
ΔI sin (ωt+ θi) +

ωr

ω
V sin (ωt+ θv

′) (11b)
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where θv
′ = θv − Tdω refers to the voltage angle at the time

point t− Td.
In the interest of space, (t) is dropped henceforth. By compar-

ing (11) with (10), the following relationships can be deduced

η

ω
ΔI cos (ωt+ θi) +

ωr

ω
V cos (ωt+ θv

′) = V cos (ωt+ θv)

(12a)

η

ω
ΔI sin (ωt+ θi) +

ωr

ω
V sin (ωt+ θv

′) = V sin (ωt+ θv) .

(12b)

Since Td is typically small, the assumptions ω ≈ ωr and
θv ≈ θv

′ can be made in the steady-state, allowing the following
approximations to be applied:

ηΔI cos (ωt+ θi) ≈ −2ωrV sin (ωt+ θv) sin

(
Tdωr

2

)
(13a)

ηΔI sin (ωt+ θi) ≈ 2ωrV cos (ωt+ θv) sin

(
Tdωr

2

)
.

(13b)

To achieve approximate equality between the left and right
sides of (13), the following relationships can be established as:

ηΔI ≈ 2ωrV sin

(
Tdωr

2

)
(14a)

θi ≈ θv +
π

2
. (14b)

Upon finding the relationships between ΔI and V , θi and θv,
the steady-state active and reactive errors induced by the digital
control delay, ΔPd and ΔQd, can be calculated as

ΔPd = Pr − P =
3

2
(vαΔiα + vβΔiβ) ≈ 0 (15a)

ΔQd = Qr −Q =
3

2
(vβΔiα − vαΔiβ)

≈ −3V 2

η
ωr sin

(
Tdωr

2

)
. (15b)

It is evident that within the typical range of Td encountered
in practical applications, ΔQd increases monotonically with Td.
This is attributed to the phase angle shift between vα and vβ
caused by Td. In contrast, Td has a minimal effect on ΔPd. The
underlying reason is the nearly 90◦ phase difference between
θv and θi in inductance-dominated systems, where vαΔiα +
vβΔiβ ≈ 0. However, in resistance-dominated systems, where
θv ≈ θi, ΔPd increases monotonically with Td, while ΔQd ≈ 0.

To validate the accuracy of the theoretical analysis presented
in (15), simulations are conducted in EMTDC/PSCAD using
the parameters listed in Table III. The investigation involves four
different time delays of Td=0 μs, 50 μs, 100 μs, and 200 μs
within the harmonic oscillator control loop. The comparison
between the theoretical and simulation results, summarized in
Table II, reveals a strong alignment between the two. The minor
discrepancies observed can be attributed to the approximations
made during the computation of active and reactive power errors.

TABLE II
COMPARISON OF POWER ERRORS BETWEEN THEORETICAL AND SIMULATION

RESULTS FOR THE CLASSIC dVOC CONTROLLER [18], [19]

TABLE III
SYSTEM AND CONTROL PARAMETERS

Notably, the effect of the nonlinear control loop is neglected
in the above analysis. When the nonlinear loop is considered,
the voltage V in (15b) can be replaced by Vr, as the nonlinear
loop brings the converter voltage magnitude to its setpoint.

2) Elimination of Reactive Power Error in the New dVOC
Controller: In the new dVOC controller implemented in the dq
frame, Td also needs to be included to avoid the algebraic loop
when the internally generated V is fed back into the control
loops, such as in the calculation of idr and iqr, as shown in Fig. 3.
Nonetheless, Td in the new dVOC controller will not induce any
reactive power tracking error becauseV is a dc component rather
than a rotating ac component. Thus, there is no phase angle shift,
and the dc component V will eventually be regulated to its target
value. Consequently, for the new dVOC controller, there will
be no steady-state power tracking errors caused by the digital
control delay.

B. Active Power Tracking

1) Synchronous Frequency Resonance: The equivalent cir-
cuit of the dVOC-based VSC-grid system is illustrated in Fig. 7,
taking into account the grid voltage vector e, VSC voltage vector
v, and VSC current vector i. The grid impedance is represented
by an inductor Lg and a resistor Rg. The dc link voltage Vdc is
assumed to be constant.
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Fig. 7. Single-line diagram of the dVOC-based VSC-grid system.

Fig. 8. Frequency responses of the control plant for the dVOC-based VSC-grid
system.

The transfer functions that describe the small-signal dynam-
ics of the dVOC-based control plant are described by Jidδ(s),
JidV(s), Jiqδ(s), and JiqV(s) in (A.8) in Appendix. Fig. 8
shows the frequency responses of these four transfer functions.
There are resonance peaks and a −180◦ phase jump at the
synchronous frequency (50 Hz). Although the grid resistor can
help dampen these resonance peaks, the Rg

Lgω0
ratio is low in

weak grid connections, making it challenging to fully mitigate
these resonances with passive damping. Accordingly, system
oscillations can be triggered at the synchronous frequency ω0,
known as synchronous frequency resonance (SFR). The SFR
makes it difficult to increase the control bandwidth of the dVOC
loops above the synchronous frequency and can even result in
an unstable system in more severe cases [5], [45].

2) Active Power Deviation Relative to VR Implementation in
the Classic dVOC Controller: To effectively dampen the SFR,
the active damping method, VR, can be implemented in the
dVOC controller for weak grid connections [5], [18], [19]. For
instance, in the classic dVOC controller, a common approach
found in the literature is to employ a low-pass filter as the
VR [18], [19]. However, since the classic dVOC controller
operates in the αβ frame, all control variables and feedback
variables (iα and iβ) are ac components rotating at the syn-
chronous frequency. Because these variables rotate at the same
frequency where the SFR occurs, the implementation of VR
will inevitably consume real power, leading to an active power
deviation ΔPv between the active power setpoint Pr and the
actual active power output P . This power deviation caused by

Fig. 9. Implementation of the high-pass filter and PAFF strategy in the new
dVOC controller.

the VR implementation can be calculated as

ΔPv = Pr − P =
(
iα

2 + iβ
2
)
Rvr = I2oRvr (16)

where Rvr is the equivalent virtual resistance provided by the
filter and Io represents the converter current magnitude.

3) Elimination of Active Power Deviation in the New dVOC
Controller: For the new dVOC controller, the control variables
and feedback variables (id and iq) are dc components, which
are below the synchronous frequency where the SFR occurs.
A high-pass filter can be utilized as the VR in the new dVOC
controller, as proposed in the PSC controller [5]. The implemen-
tation of the high-pass filter in the new dVOC controller is shown
in Fig. 9(a), where GHPF = s/(s+ ωHPC) represents the transfer
function of the high-pass filter, and ωHPC denotes the corner
frequency. Vmd and Vmq signify the modulation voltages of the
converter. Notably, the corner frequency of the high-pass filter
should be set lower than the synchronous frequency but higher
than 0 to avoid influencing real power flow [5]. Consequently, no
active power deviation will be caused by the VR implementation
in the new dVOC controller.

IV. DYNAMIC POWER REFERENCE TRACKING SPEED

This section analyzes the dynamic power tracking speed lim-
itation of dVOC and highlights the compatibility and flexibility
of the new dVOC controller in adapting the PAFF strategy
from the VSM controller. The adaptation increases the dynamic
power reference tracking speed while preserving the inherent
inertial response, which is not achievable with the classic dVOC
controller.

A. Dynamic Power Tracking Speed Limitation

The instantaneous angular frequency dynamics of dVOC, as
expressed in (8b), serve two main functions: achieving synchro-
nization with the ac grid and offering an inertial response to
grid frequency fluctuations. Synchronization indicates power
balance, reflecting the process of power reference tracking.
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Thus, the control parameter η1 plays a crucial role in both
dynamic tracking speed and the inertial response extent.

On the one hand, a higher inertial constant ( 1
η1
), correspond-

ing to a lower η1 value, results in a more significant inertial
response to grid frequency fluctuations. The extent of the inertial
response to grid frequency variations can be expressed as

ΔPi =
3

2

V 2Δω

η1
. (17)

On the other hand, η1 also determines the dynamic tracking
speed of the VSC to changes in the power reference. Based
on Fig. 9 and applying small-signal perturbations, the transfer
function between Pr and the power angle δ can be derived as

δ(s)

Pr(s)
=

2

3

1

V 2
0

1

s
η1. (18)

It is evident that a higher η1 leads to faster power angle
variations, which in turn enables quicker tracking of the active
power output for Pr, as the two are closely related as

P =
3

2

V E

Xtot
sin δ (19)

where Xtot represents the total system inductance.
In summary, a higher η1 results in a faster power reference

tracking speed, but it simultaneously reduces the extent of the
inertial response. This indicates that as the emulated inertia in-
creases, controlling the power flow dynamics of the dVOC-based
VSC for other purposes becomes more difficult than the inertia
emulation.

B. Implementation of Phase Angle Feed-Forward Strategy in
the New dVOC Controller

To speed up the dynamic power reference tracking process
in MEB converters, the PAFF strategy is proposed in [36], [37],
[38]. This strategy introduces a PAFF term, δPAFF, which directly
adjusts the generated power angle δ resulting from the virtual
swing equation, thereby influencing the final converter phase
angle θ. The calculation of δPAFF can vary based on specific
control objectives [36], [37], [38].

However, the PAFF strategy cannot be directly integrated into
the classic dVOC controller in the αβ frame due to the difficulty
in determining the converter phase angle. For the αβ-frame
implementation, the target control variables are vα and vβ,
where θ and V are embedded within them.

In contrast, this PAFF strategy can be seamlessly adapted
into the new dVOC controller in the dq frame, where the target
control variables are θ and V . This implementation allows for
the explicit acquisition and modification of the power angle δ,
as shown in Fig. 9(b). The PAFF strategy proposed in [37] is
implemented in this paper as an example, and δPAFF can be
calculated as

δPAFF = GP A F F(s) sin
−1

(
PrXtot

V E

)
(20)

where GPAFF(s) is a transfer function designed to smooth the
phase-angle signal, preventing sudden phase jumps in the control
of the converter [37].

Fig. 10. Circuit topology of the experimental setup.

Fig. 11. Configuration of the experimental hardware setup.

Hereafter, GPAFF(s) is designed as a first-order low-pass filter
with a small time constant, which has negligible impacts on the
frequency range of the inertial dynamics [37]. More advanced
PAFF strategies can also be implemented in the new dVOC
controller depending on specific control objectives [38], [46],
[47].

Although a PLL can be used to determine θ after obtaining
vα and vβ in the classic dVOC controller, this approach will
introduce additional control dynamics, making the process not
as straightforward as in the new dVOC controller.

V. EXPERIMENTAL VALIDATION

To validate the effectiveness of the proposed dVOC controller
in the dq frame, experimental tests are conducted using the
parameters listed in Table III. The experimental circuit topology
is depicted in Fig. 10, and the corresponding hardware setup is
shown in Fig. 11. As illustrated in Fig. 10, the system consists
of a three-phase converter that includes a dc power source Vdc, a
power stage, and an output filter Lf. This converter is connected
to a three-phase ac gride through the grid impedance comprising
a grid inductor Lg and a grid resistor Rg.

The control algorithm is implemented on the DSP of the RTU-
BOX205 real-time controller to generate the converter voltage
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Fig. 12. Eigenvalue map of the dVOC-based converter-grid system. (a) Pa-
rameter η varies from 0.01 to 0.6 p.u. (b) Parameter R varies from 0.02 to
1.0 p.u.

reference vm. The PWM modulation signal m is then obtained
by dividing the dc-link voltageVdc. The average terminal voltage
of the converter is denoted byv, and the output current is denoted
by i. Here,v is assumed to equalvm by considering the converter
gain to be 1.

For the hardware setup shown in Fig. 8, a 50 kVA Cinergia
ePlus grid simulator is used to generate the ac grid voltage under
various conditions, including normal operations, voltage dips,
frequency fluctuations, and phase jumps. The RTB1806 C high-
speed D/A board is utilized to transmit the calculated power to
the oscilloscope. Notably, the control parameters η=η1=η2 are
set throughout the experiments. The dVOC controller in [18]
and [19] is selected as the benchmark classic dVOC controller
for comparison with the proposed new dVOC controller.

Before the experiments, a stability sensitivity analysis with
respect to the control parameters is conducted. The control
equivalence between the new and the classic dVOC controllers is
rigorously established in Section II-C, enabling the application
of the small-signal model developed in [18] to the new dVOC
controller. Dynamic stability is assessed directly by checking the
eigenvalues of the A Jacobian matrix for positive real parts [18].

Fig. 12(a) shows the impact of the oscillator parameter η
(ranging from 0.01 to 0.6 p.u.) on the system eigenvalues. For
clarity, one eigenvalue significantly distant from the imaginary
axis is omitted. The results demonstrate that a higher η value

Fig. 13. Comparison of steady-state reactive power error caused by the digital
control delay between the classic and new dVOC controllers. (a) Power responses
of the classic dVOC. (b) Power responses of the new dVOC.

pushes the dominant eigenvalue away from the imaginary axis,
indicating a faster response. However, an overlarge η value pulls
the dominant eigenvalues closer to the imaginary axis or even
beyond it, causing system instability. For most experimental
tests, an η value of 0.2 p.u. is used, as marked in red in Fig. 12.

The influence of the system damping value R (ranging from
0.02 to 1.0 p.u.) on the system eigenvalues is also investigated,
as shown in Fig. 12(b). When the system damping is weak,
corresponding to a small R, the system is unstable due to the
presence of two eigenvalues in the right-hand plane. As R in-
creases, all eigenvalues initially move away from the imaginary
axis, but once R exceeds a critical value Rcr, the dominant
eigenvalue reverses direction and moves closer to the imaginary
axis, introducing a trade-off in selecting R.

A. Steady-State Power Reference Tracking Performance

1) Reactive Power Error Relative to Digital Control Delay:
With a digital control delay Td=150 us and setting μ = 0 for
regulating reactive power, the power responses of both dVOC
controllers in the case of reactive power step changes (where Qr

stepwise increases from 0.000 p.u. to 0.100 p.u., 0.200 p.u., and
0.300 p.u., while Pr is set as 0.000 p.u.) are shown in Fig. 13.
It is noteworthy that η is set to 0.3 p.u. in this test to achieve
reasonable operating points.

For active power, both dVOC controllers can closely fol-
low the active power reference even when incorporating Td,
namely P = Pr = 0.000 p.u. However, the classic dVOC con-
troller exhibits significant steady-state reactive power errors with
Td. Specifically, the observed reactive power error ΔQd are
0.362 p.u. for Qr = 0.000 p.u., 0.394 p.u. for Qr = 0.100 p.u.,
0.428 p.u. for Qr = 0.200 p.u., and 0.462 p.u. for Qr =

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on February 25,2026 at 16:22:30 UTC from IEEE Xplore.  Restrictions apply. 



10982 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 8, AUGUST 2025

Fig. 14. Comparison of steady-state active power deviation caused by the
VR implementation between the classic and new dVOC controllers. (a) Power
responses of the classic dVOC. (b) Power responses of the new dVOC.

0.300 p.u. According to (15.b), the theoretically calculatedΔQd

values are 0.361 p.u., 0.398 p.u., 0.432 p.u., and 0.465 p.u. for
Qr = 0.000 p.u., 0.100 p.u., 0.200 p.u., and 0.300 p.u., respec-
tively. The experimental results align well with these theoretical
calculations. In contrast, the new dVOC controller can closely
track the reactive power setpoint, even in the presence of Td.

2) Active Power Deviation Relative to VR Implementation:
As discussed in Section IV-B, the VR implementation, typically
a low-pass filter, in the classic dVOC controller consumes real
power, leading to an active power deviation ΔPv between the
reference and the actual output. However, a high-pass filter can
be employed as the VR in the new dVOC controller, which
does not affect the real power flow. To test steady-state active
power tracking performance, both the classic dVOC controller
with a low-pass filter and the new dVOC controller with a
high-pass filter are tested in a purely inductive grid, where the
active power reference Pr changes stepwise from 0.000 p.u. to
0.200 p.u., 0.400 p.u., and finally 0.600 p.u. In this test, η is
set to 0.2 p.u. Besides, the reactive power error caused by the
digital control delay in the classic dVOC controller is artificially
calculated and compensated by adjustingQr in the classic dVOC
controller, ensuring identical reactive power operating points for
comparison.

The resulting active power and converter current magnitude
responses for both dVOC controllers are shown in Fig. 14. For
the classic dVOC controller with the low-pass filter, noticeable
active power deviations ΔPv occur, with values of 0.000 p.u.,
0.005 p.u., 0.020 p.u., and 0.048 p.u. for Pr = 0.000 p.u.,
0.200 p.u., 0.400 p.u., and 0.600 p.u., respectively. The theoret-
ically calculated ΔPv, based on (16), is 0.000 p.u., 0.007 p.u.,
0.024 p.u., and 0.052 p.u., respectively, showing close agreement

Fig. 15. Comparison of dynamic power reference tracking speed between the
classic dVOC controller and the new dVOC controller with the PAFF term. (a)
Power responses of the classic dVOC. (b) Power responses of the new dVOC.

with the experimental results. It is worth noting that as the power
output increases and the equivalent VR value becomes larger, the
active power deviation also increases.

On the contrary, the new dVOC controller, utilizing a high-
pass filter as the VR, exhibits no active power deviation across
all operating points.

B. Dynamic Power Reference Tracking Performance

To address the inherent trade-off between inertial response
and dynamic tracking speed, the PAFF strategy can be imple-
mented into the new dVOC controller, which is not achievable
for the classic dVOC controller. To compare dynamic track-
ing speed, a step change in Pr, increasing from 0.600 p.u. to
0.800 p.u., is applied to both the classic dVOC controller and
the new dVOC controller with the PAFF term. To emulate a
large inertial constant, η is set to 0.1 p.u. in this test. As shown
in Fig. 15, the rise time and settling time of the new dVOC
controller with the PAFF term are significantly faster in tracking
the new Pr than those of the classic dVOC controller. It is worth
mentioning that as the inertial constant increases, corresponding
to a lower η value, the difference in tracking speed will become
more pronounced. However, the inclusion of the PAFF term
results in a slight overshoot at the step change point, which can
be mitigated by implementing a more advanced PAFF control
strategy, as discussed in [38].

In addition, the implementation of the PAFF strategy in the
new dVOC controller does not affect the inertial response.
A frequency dip disturbance, where fg drops from 1.0 p.u.
to 0.98 p.u., is applied to both controllers. The experimental
results, shown in Fig. 16, indicate that both controllers exhibit
identical inertial responses, including the dynamics and extent
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Fig. 16. Comparison of inertial response between the classic dVOC controller
and the new dVOC controller with the PAFF term. (a) Power responses of the
classic dVOC. (b) Power responses of the new dVOC.

of the inertial response. Moreover, the actual inertial response
extent, ΔPi, is around 0.313 p.u., which closely aligns with the
theoretical value of 0.310 p.u. derived from (17).

C. Control Performance Equivalence

1) Control Performance Under Normal Operations: To com-
pare the dynamic control performance of the classic and new
dVOC controllers under normal operating conditions, a step
change in Pr, varying from 0.600 p.u. to 0.700 p.u., is applied.
To minimize the influences of other factors, a real resistor is
added to the grid impedance, and the reactive power error caused
by the digital control delay in the classic dVOC controller is
manually compensated. The dynamic responses of active power,
converter voltage magnitude, and reactive power are shown in
Fig. 17. It is evident that the new dVOC controller exhibits
similar dynamic control performance to that of the classic dVOC
controller under normal operations. The slight discrepancy in
steady-state reactive power is attributed to the approximation
used for compensating the reactive power error in the classic
dVOC controller.

2) Control Performance Under Large Grid Disturbances: To
test the control performance of both dVOC controllers under
large grid disturbances, a voltage dip is applied, where the grid
voltage drops from 1.000 p.u. to 0.200 p.u. A circular current
limiter is employed in both dVOC controllers to restrain the
fault overcurrent to the permissible value (Im = 1.0 p.u.) [18],
[19]. The experimental results, showing the phase-to-phase grid
voltageEpp, phase-to-phase converter voltage Vpp, active power,
and converter current magnitude, are presented in Fig. 18 for
the classic dVOC controller and Fig. 19 for the new dVOC

Fig. 17. Comparison of control performance between the classic and new
dVOC controllers under normal operations. (a) Power responses of the classic
dVOC. (b) Power responses of the new dVOC.

Fig. 18. Control performance of the classic dVOC controller under the voltage
dip disturbance. (a) Voltage responses. (b) Active power and current responses.

controller, respectively. It is clear that both dVOC con-
trollers exhibit similar control behaviours under the voltage dip
disturbance.

D. GFM Power Regulation in Weak Grid Condition

To evaluate the control performance of the new dVOC con-
troller under an extremely weak grid condition, the grid voltage
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Fig. 19. Control performance of the new dVOC controller under the voltage
dip disturbance. (a) Voltage responses. (b) Active power and current responses.

Fig. 20. Control performance of the new dVOC controller under the large
step change of active power reference. (a) Voltage responses. (b) Active power
response.

E is reduced to 40.82 V (representing 1.0 p.u. in this section),
corresponding to an SCR of 1 at the rated power level of the
converter.

1) Power Regulation Performance Under a Large Power
Step: A large active power reference step Pr is applied, increas-
ing from 0.1 p.u. to 0.9 p.u., while the converter voltage V is
well regulated at 1.0 p.u. by the nonlinear loop. The experimental
results, shown in Fig. 20, present the profiles of Epp, Vpp, and

Fig. 21. Power regulation performance of the new dVOC controller under the
phase jump disturbance.

P . As shown in Fig. 20(a), the power angle δ increases to 66◦ in
response to the step change. Meanwhile, Fig. 20(b) demonstrates
that the actual active power P closely tracks Pr despite the large
step change, while maintaining stable system operation.

2) Power Regulation Performance Under a Phase Jump Dis-
turbance: A−60◦ phase jump disturbance is applied to the grid,
with the experimental results presented in Fig. 21, showing Epp,
P , and the current magnitude Io. The pre-disturbance operating
point is P = 0.4 p.u. Following the phase jump disturbance,
noticeable overshoots in both current and power are observed
due to the control dynamics delay of the new dVOC controller
in adjusting to the new grid phase angle. However, after these
transient overshoots, P successfully retraces Pr, demonstrating
the controller’s power regulation capability under load distur-
bances.

VI. CONCLUSION

This article proposes a new dVOC controller implemented in
the dq frame to enhance both steady-state and dynamic power
reference tracking capabilities. The following conclusions can
be summarized.

1) The dq-frame implementation of dVOC rigorously uncov-
ers the intrinsic connection between dVOC and PSC in
terms of their control block structures. Specifically, the
dVOC controller can be viewed as a PSC-like controller
with an additional nonlinear loop. Moreover, the dq-frame
implementation makes the small-signal modeling of the
dVOC controller more intuitive as it maintains a one-to-
one mapping with the large-signal dynamics expression
of dVOC.

2) The numerical expressions of steady-state power tracking
errors in the classic dVOC controller are derived, indicat-
ing that the reactive power error increases monotonically
with the digital control delay, while the active power
deviation is caused by the VR implementation. The dq-
frame dVOC controller can naturally eliminate these
steady-state errors due to the control of DC components.

3) The dynamic power reference tracking speed in the dq-
frame dVOC controller can be significantly improved by
integrating the power angle feed-forward strategy, without
compromising inertial responses. This arises from the
direct and explicit control of the converter phase angle in
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the dq frame, which is not achievable in the classic dVOC
controller.

APPENDIX

When a small-signal perturbation is applied tov, the resulting
expression is given by

v(t) = [V0 +ΔV (t)] ej[δ0+Δδ(t)]

≈ V0e
jδ0︸ ︷︷ ︸

v0

+ΔV (t)ejδ0 + jV0e
jδ0Δδ(t)︸ ︷︷ ︸

Δv

(A.1)

where the prefix Δ represents a small-signal perturbation from
equilibria.

Applying the Laplace transformation to (A.1), the expressions
for v0 and Δv in the frequency domain are derived as

v0 = V0e
jδ0 (A.2a)

Δv(s) = ΔV (s)ejδ0 + jV0e
jδ0Δδ(s). (A.2b)

Similarly, the expressions for the current vector in the grid
frame iDQ0 and ΔiDQ can be derived as

iDQ0 =
v0 − e0

z0
(A.3a)

ΔiDQ(s) =
Δv(s)

z(s)
(A.3b)

where the expressions of the steady-state grid voltage vector e0,
grid impedances z(s), and z0 are given by

e0 = E0e
j0 = E0 (A.4)

z(s) = sLg +Rg + jω0Lg (A.5a)

z0 = z(s)|s=0 = Rg + jω0Lg. (A.5b)

For high-power high-voltage applications, Rg in Fig. 7 can be
neglected. So substituting (A.2), (A.4), and (A.5) into (A.3) and
keeping only the deviation parts results in the linearized form
of (A.3). The transfer functions of ΔiD and ΔiQ versus Δδ, as
well as ΔiD and ΔiQ versus ΔV , are obtained as

ΔiD = V0
ω0Lg cos δ0 − sLg sin δ0

(sLg)
2 + (ω0Lg)

2 Δδ (A.6a)

ΔiQ = V0
ω0Lg sin δ0 + sLg cos δ0

(sLg)
2 + (ω0Lg)

2 Δδ (A.6b)

ΔiD =
ω0Lg sin δ0 + sLg cos δ0

(sLg)
2 + (ω0Lg)

2 ΔV (A.6c)

ΔiQ =
−ω0Lg cos δ0 + sLg sin δ0

(sLg)
2 + (ω0Lg)

2 ΔV. (A.6d)

Utilizing the rotation transformation in (A.7), the current
dynamics in the grid frame can be converted into the converter
frame (the dq frame).[

id
iq

]
=

[
cos δ sin δ
− sin δ cos δ

] [
iD
iQ

]
. (A.7)

Therefore, the transfer functions that describe the dynamics
of the dVOC-based control plant are given by

Jidδ(s) =
(E0 cos δ0 − V0) (sLg)

2 + E0 cos δ0 (ω0Lg)
2

ω0Lg

[
(sLg)

2 + (ω0Lg)
2
]

(A.8a)

Jiqdδ(s) =
−E0 sin δ0 (sLg)

2 +ω0L
2
gV0s− E0 sin θ0 (ω0Lg)

2

ω0Lg

[
(sLg)

2 +(ω0Lg)
2
]

(A.8b)

JidV(s) =
sLg

(sLg)
2 + (ω0Lg)

2 (A.8c)

JiqV(s) =
−ω0Lg

(sLg)
2 + (ω0Lg)

2 . (A.8d)
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