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ABSTRACT Significant research attention is focused on the stability and control of voltage-source convert-
ers (VSCs) in weak ac grids. However, the assessment of VSC control strategies has never been standardized,
such that novel solutions proposed in the literature are not objectively evaluated against current best-practice.
This paper establishes a comprehensive, standardized assessment framework for grid-connected VSC con-
trollers, which allows objective comparison of novel controllers under development and established methods
already in operation. The assessment consists of a tuning stage, time-domain analysis and frequency-domain
analysis to form a complete evaluation that can be applied in its full aggregated form or as individual
assessment steps. Three VSC controllers, namely vector current control, power-synchronization control and
a virtual synchronous machine, are compared in this paper using small-signal models, time-domain simula-
tions and control hardware-in-the-loop Real-Time Digital Simulation (RTDS) experiments to demonstrate
the versatility and robustness of the proposed framework for controllers with very different structures.

INDEX TERMS Voltage-source converters, weak ac grids, vector current control, virtual synchronous
machine, power-synchronization control.

I. INTRODUCTION
The increasing penetration of renewable energy generation,
distributed generation and energy storage in power networks
across the world has led to much stricter requirements for the
stability and performance of grid-connected power electronic
converters. Voltage-source converters (VSCs) are becoming
the most dominant technology choice for this task due to their
robust performance in weak grids and adaptable control tech-
niques. However, in very weak grids (that is, AC grids with
short circuit ratio (SCR) < 2), the control of VSCs for high
active power transfer is challenging and ongoing research
has not satisfactorily solved the problem. No VSC control
strategy has yet prevailed as the ultimate solution to the weak
grid issue, and so novel controllers are regularly proposed
in the literature in an attempt to move closer to an optimum
strategy, e.g., [1]–[7]. In strong grids, grid-following strate-
gies based on vector current control (VCC) are the favored
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approach due to the decoupled active and reactive power
control and intrinsic current-limitation capability in fault con-
ditions. However, as the grid strength weakens, instabilities
caused by PLL dynamics and outer loop interactions can
occur [7]–[9]. Proposed enhancements to VCC to improve
the weak grid performance have included re-tuning [1], [10],
virtual impedance [2], [3] and feedforward methods [4], [5].
These controller modifications appear to show improvements
for maximum power transfer and reactive power support
in weak grids. However, re-tuning approaches inevitably
involve slowing down the PLL or outer loops, which degrades
the dynamic performance. A virtual impedance approach
assumes that the grid conditions have been accurately quan-
tified and are unchanging. A fundamental issue remains
for grid-following control, namely that synchronization is
aligned to the voltage at the point of common coupling (PCC),
which is not constant in a very weak grid. This problem of
synchronization and voltage support has led to an increase in
research attention on grid-forming controllers for weak AC
grid-connected VSCs.

95282 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0002-1459-0860
https://orcid.org/0000-0002-7912-8140
https://orcid.org/0000-0003-1286-6699
https://orcid.org/0000-0003-2010-5777


J. F. Morris et al.: Standardized Assessment Framework for Design and Operation

The principle of grid-forming control is for the converter
to appear as a stiff voltage source to the grid and thus provide
frequency and voltage support in conditions where the PCC
voltage is very sensitive [11], [12]. Grid-forming controllers
do not use a PLL for synchronization but instead use a
form of modified droop-control on the active power error to
produce the controller reference angle. One such strategy is
power-synchronization control (PSC), first proposed in [7].
This control uses first order droop-control for power control/
synchronization, a PI controller for ac voltage control and
a high-pass current filter to damp out grid-frequency reso-
nances. Studies in [13]–[15] have suggested that PSC per-
forms well at high power transfer for connecting two very
weak grids and for connecting wind farms to weak systems.
However, PSC does not have inherent current-limitation in
the event of faults and so a back-up current controller and
PLL will always be required. The effects of this protection
on effective inertia emulation can be unpredictable [6].

More robust inertia support is provided by a class of
controllers called virtual synchronous machine (VSM) con-
trol. The idea of VSM control was first proposed in [16]
but the title now encompasses a broad range of controller
structures which emulate the behavior of synchronous gen-
erators to a greater or lesser degree. Some VSM control
methods imitate all the characteristics of a synchronous
machine, including virtual fluxes and torques [17]. Sim-
pler implementations use a form of the swing equation for
synchronous machines combined with PI control of the ac
voltage or reactive power [12], [18]. Other modifications to
VSM include the addition of fast frequency response (FFR)
branches, zero inertia implementations and maximum power
point tracking [19]–[21]. VSM controllers, within the wider
category of grid-forming controllers, are already in opera-
tion in microgrids and are being proposed for mass-market
applications requiring voltage support and black-start capa-
bility [22]. However, there remains no consensus on the opti-
mum approach within the VSM class of controllers and each
specific form of VSM is assessed according to a diverse and
inconsistent range of tests at only a single controller operating
point.

As demonstrated in literature, the wide range of grid-
following and grid-forming controllers proposed for weak
AC grid-connected VSCs can have very different config-
urations, including different synchronization methods, cas-
caded structures and choice of high-level control variables
(e.g. reactive power versus AC voltage control). Because of
this variety, assessment of VSC control strategies has never
been standardized or formalized. Each controller designer
has generally chosen their own evaluation methods and met-
rics, performing a varying set of reference step changes or
fault conditions to the proposed controller at only a single
operating point. This inconsistent approach has meant that
a fair, objective comparison between VSC control strategies
has so far been impractical. Power network operators do not
have the tools to make an informed choice to select the best
control strategy for their system parameters and performance

requirements. In addition, power grid-connected converter
designers cannot fairly evaluate their work against the current
industry standard or quantify the full strengths and weak-
nesses of a given strategy.

This paper proposes a novel standardized assessment
framework for all VSC controllers. The evaluation proce-
dure can be applied to analytical converter-controller mod-
els at the design stage or to real grid-connected converters
already implemented in operation. Three stages of assess-
ment are used to evaluate: 1) the effect of controller tun-
ings and bandwidths across a broad range of operating
points, 2) the controller performance in the time-domain and
3) the controller stability in the frequency-domain. Multiple
paths through the framework are provided to accommodate
designers (with a full knowledge of the analytical equations
behind the system) and operators (with unmodifiable, ‘black
box’ systems), alike. In this work, small-signal modelling,
time-domain MATLAB/Simulink simulations and control
hardware-in-the-loop (CHIL) Real Time Digital Simulation
(RTDS) experiments are all used in order to demonstrate that
converter-controller systems at any level of implementation
can be assessed using this framework. This framework thus
provides a standardized objective method for assessing any
new or existing VSC control strategy. The metrics produced
at each stage are easily comparable and the modular design
of the framework means that each stage can be used as a
standalone evaluation criterion if required. This comprehen-
sive approach unifies the numerous tests that are used to
assess VSC control strategies and thus provides a consistent
benchmark to which all new control strategies can be easily
compared.

II. VSC STANDARDIZED ASSESSMENT FRAMEWORK
The flowchart of the proposed assessment framework is
shown in Figure 1. There are 3 possible paths through the
framework, which depend on the objectives of the user.
In the case of controller designer, the full analytical model of
the controller-under-test is known, and therefore assessment
should include a tuning and bandwidth assessment and any
frequency-domain analysis can make use of the analytical
model. The objective in the designer case is to compare the
performance of a novel controller to existing methods or to
compare multiple strategies in order to select the most appro-
priate controller for a given system. However, in the case of a
system operator, the controller-under-test is much closer to a
‘black box’, with the exact structure unknown. The operator
may be provided with some controller parameters to modify
and tune, but in other instances the converter-controller may
be completely hidden such that no tuning changes can be
made. The objective in the operator case is to assess the
performance of the controller in the grid system for which
it is intended, either in the fixed, pre-tuned state or with a
tuning and bandwidth assessment included. Whether or not
tuning can be performed, any frequency domain analysis in
the operator case will require frequency scanning as the full
analytical model remains unknown. In the following sections,

VOLUME 9, 2021 95283



J. F. Morris et al.: Standardized Assessment Framework for Design and Operation

the operator case with fixed tuning will be known as case (a),
the operator case with modifiable tuning is case (b) and
finally the designer case will be known as case (c).

FIGURE 1. Flowchart of assessment steps in the proposed VSC control
standardized assessment framework.

A. ROUND 1–CONTROLLER TUNING OPTIMIZATION
The first stage of the assessment procedure is applied in
cases (b) and (c) only, i.e. for operators with an unknown but
tunable controller, and for designers. The goal of this stage is
to perform an assessment of controller performance across a
wide range of controller bandwidths in order to find the opti-
mum tunings as defined by a given set of active power trans-
fer and dynamic performance requirements. This provides
the feasible tuning and bandwidth ranges of the controller-
under-test that can be implemented to meet the operational
requirements. The tuning step is performed by examining sta-
bility and dynamic performance at a wide range of controller
parameters. This process does not require knowledge of the
converter-controller analytical model as the stability and step
response data can be gathered from either a ‘black box’ time-
domain model or a small-signal analytical model.

B. ROUND 2–TIME-DOMAIN PERFORMANCE
ASSESSMENT
This stage of the framework is applied by operators and
designers in all cases. A set of 5 standardized tests are
performed in the time-domain on the AC grid-connected
converter-controller system. These tests inform the power
limits, dynamic performance, robustness and frequency
response of the tuned controller, and are detailed in Table 1.
Grid parameters are held constant in all cases except during
test 4, which requires a step change in grid impedance.

C. ROUND 3–FREQUENCY-DOMAIN ASSESSMENT
This stage of the framework can also be applied by operators
and designers in all cases, but the process of extracting the
frequency domain data is case-dependent. In case (a) and (b)

TABLE 1. Time-domain assessment test descriptions.

where the controller structure is unknown, frequency scan-
ning must be performed to extract the Jacobian transfer func-
tion matrix and the converter admittance matrix. In case (c),
the analytical model of the converter-controller is known and
so these matrices can be derived directly from the state space
or impedance small-signal models.

III. CONTROLLERS UNDER TEST
The proposed framework can be used to assess any VSC con-
troller. In this section, its flexibility will be demonstrated by
evaluating the performance of three commonVSC controllers
with distinct structures, namely:

1. Standard vector current control (VCC)
2. Power-synchronization control (PSC)
3. Virtual synchronous machine (VSM)

Each controller is modelled in the time-domain (using
MATLAB/Simulink) with small-signal analytical models and
control hardware-in-loop RTDS experiments. This allows
each controller to be treated as if it belongs to any of the three
operator/designer cases in the proposed framework. A brief
description of each controller is presented in this section,
with further details and derivations of the linearized models
available in [4], [23], [24]. The same AC grid system is
used for all controllers under test and is shown in Figure 2.
The Thevenin-equivalent AC grid resistance and impedance
are Rg and Lg, the ac filter resistance and impedance are
Rc and Lc, the converter voltage and current are Uc and
Ic, the ac filter bus voltage is Uf , and the grid voltage and
current are Ug and Ig. The ac system parameters are given in
the Appendix.

FIGURE 2. AC Grid-connected converter system under test.
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FIGURE 3. VCC control structure.

A. VECTOR CURRENT CONTROL
The VCC strategy is implemented in the dq-frame with outer
loop active power, ac voltage control and inner loop current
control. This control structure is shown in Figure 3.

PI controllers are used for the PLL, active power con-
trol, ac voltage control and current control. Their transfer
functions are FPLL(s), FP(s), FU (s) and FI (s), respectively,
in Fig. 3. A fast current loop is generally considered essential
for stable VCC and so these gains are held fixed through-
out the study. During the tuning assessment in Round 1,
the proportional gains of the active power and ac voltage
controllers (kp−P and kp−U respectively) are held constant
whilst the integral gains (ki−P and ki−U respectively) are
varied so as to vary the bandwidth of each loop. The PLL
bandwidth is set directly using the proportional and integral
gains according to (1).

τpll =
2ξ
ωpll

, kp−pll =
2ξωpll
ufd0

, ki−pll =
kp−pll
τpll

(1)

Remaining gain values that are held fixed are detailed
in Table 5 in the Appendix. The small-signal model for
VCC is fully derived in [4] and the validation of the small-
signal model used in the analysis is shown in Fig. 6(a)
by comparison with the time-domain MATLAB/Simulink
model.

B. POWER-SYNCHRONIZATION CONTROL
The PSC strategy uses first order control of the active power
error for synchronization and control of active power. This
control structure is shown in Figure 4 and developed in full
in [23], where the detailed small-signal model is also given.
In fault conditions, a back-up PLL and current controller
are employed to limit the converter current. Fault conditions
are outside the scope of this paper and so, for clarity, these

FIGURE 4. PSC control structure.

elements are not shown. For the Round 1 tuning optimization,
the integral gains kp and ku of the power-synchronization and
voltage control loops are varied to change the bandwidth of
the respective loops. The high-pass filter gain, kv, is also
varied to investigate the effect on stability. The remaining
gain values are fixed at the values given in Table 5 in
the Appendix. Validation of the PSC small-signal model is
shown in Fig. 6(b) by comparison with the time domain
MATLAB/Simulink model.

C. VIRTUAL SYNCHRONOUS MACHINE
A simple VSM controller is employed, implementing the sec-
ond order swing equation for the active power control and
synchronization, and a PI controller for the ac voltage control.
This control structure is shown in Figure 5.

FIGURE 5. VSM control structure.

As with the VCC strategy, the proportional gain (kp−Uv)
of the ac voltage gain is held fixed so that variation of the
integral gain (ki−Uv) can be used to control the bandwidth
of this loop. Tuning of the PI controller for synchronization
and active power control is much more sensitive than the
ac voltage control, and so both the proportional and integral
gains of the active power control (kp−Pv and ki−Pv respec-
tively) are varied in Round 1 tuning stage. All fixed gain
values are given in Table 5 in the Appendix. The small-signal
model for VSM is adapted from the PSC model in [23]
but with slightly modified power synchronization and volt-
age control blocks. The power control and reference angle
generation is described in (2)-(6).

1ẋP = BP1uP (2)

1yP = CP1xP + DP1uP (3)

where the input and output vectors are 1uP =

[1Pcref 1P
cf 1fP,ref ]

T and 1yP = 1fP respectively. The
corresponding state-space matrices are,

BP =
[
−1 1 0

]
(4)

CP =
ki−Pv
Sbase

(5)

DP =
1

Sbase

[
−kp−Pv kp−Pv 1

]
(6)

The small-signal voltage reference control is given
in (7)-(11).

1ẋU = BU1uU (7)

1yU = CU1xU + DU1uU (8)
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FIGURE 6. Validation of (a) VCC, (b) PSC and (c) VSM control small-signal
models for a 0.05 p.u. step change in active power demand.

where the input and output vectors are 1uU =

[1U c
ref1U

cf ]T and 1yU = [1uccd 1uccq ]
T respectively.

The corresponding state-space matrices are,

BU =
[
1 −1

]
(9)

CU =
[
ki−Uv 0

]T (10)

DU =
[
kp−Uv −kp−Uv
0 0

]
(11)

Validation of the VSM small-signal model by comparison
with the time-domain Simulink model is shown in Fig. 6(c).

IV. ASSESSMENT RESULTS
A. ROUND 1–CONTROLLER TUNING OPTIMIZATION
For the demonstration in this paper, the small-signal mod-
els were used to gather Round 1 tuning results for expe-
diency. The goal is to assess the effect of the bandwidth
(i.e. the±3 dB bandwidth) of each controller element on sta-
bility. However, there is significant cross-coupling between
the d- and q-axes in weak AC grid-connected VSC systems,
and so the tuning parameters of individual loops cannot usu-
ally directly determine the loop bandwidth. Therefore, a set of
controller gains are used as proxies for the bandwidth of each
control loop. The parameters varied and the ranges covered
in this assessment are given in Table 2, with an approximate
indication of the relevant bandwidth range covered. For each
controller, the three associated parameters listed in Table 2
are varied simultaneously across the whole range. The small-
signal stability and dynamic response to a step change in
active power demand at P = −1.0 p.u. and P = 0.89 p.u.
(i.e. just below the theoretical limit of an SCR = 1 grid,
as calculated in [10]) are measured at each distinct operat-
ing point. This produces a 3D volume which represents all
the controller tunings that provide stability and a specified
level of dynamic performance within these power limits. For
this example, stable operating regions are presented which
show the controller tuning parameter space that ensures sta-

TABLE 2. Parameter and bandwidth ranges for round 1 assessment.

FIGURE 7. Stability bubbles for VCC with poor dynamic performance
(blue), moderate dynamic performance (green) and good dynamic
performance (red).

FIGURE 8. Stability bubbles for PSC with poor dynamic performance
(blue), moderate dynamic performance (green) and good dynamic
performance (red).

bility and the following minimum requirements of dynamic
performance:

1) 2% settling time (ST) < 5 s, overshoot (OS) < 50%
2) 2% settling time (ST) < 1 s, overshoot (OS) < 20%
3) 2% settling time (ST) < 0.5s, overshoot (OS) < 15%

The stability regions representing these points for the VCC,
PSC and VSM controllers are shown in Figure 7, Figure 8 and

95286 VOLUME 9, 2021



J. F. Morris et al.: Standardized Assessment Framework for Design and Operation

FIGURE 9. Stability bubbles for VSM with poor dynamic performance
(blue), moderate dynamic performance (green) and good dynamic
performance (red).

TABLE 3. Round 1 results–optimum controller tunings.

Figure 9, respectively. The optimum tuning for each con-
troller is then calculated as the ‘center of gravity’ of the
innermost stability bubble (i.e. the center point of the bubble
with the best dynamic performance). These tuning points
meet all the stability and dynamic performance requirements
and have the greatest stable operating space around them,
which provides maximum robustness against tuning errors.
These points are also marked on Figure 7, Figure 8 and
Figure 9 and detailed in Table 3. The optimum tunings
constitute the results from Round 1 of the assessment and
the controller parameters will be fixed at these values in
Rounds 2 and 3. If an alternative tuning procedure is required
for a specific application, this can be used in place of
Round 1 without affecting the rest of the framework steps.

B. ROUND 2–TIME-DOMAIN ASSESSMENT
The performance of each controller in the time-domain can
be analyzed using the tests described in Table 1. For this
demonstration, the results from Round 1 are used to tune
each controller and the five time-domain tests are executed
using control hardware-in-the-loop (CHiL) RTDS experi-
ments. The test set-up of the RTDS and microcontroller for
this stage are shown in Figure 10. A Texas Instruments C2000
microcontroller is connected to the RTDS with an identical
interface as would be used to connect to the grid, and the
system is controlled in RSCAD and Simulink/C++. This
stage of assessment can also easily be performed with a
simple time-domain simulation, a small-signal model, or the

FIGURE 10. Experimental set-up for RTDS and control
hardware-in-the-loop testing.

experimental set-up demonstrated here. Pre-tuned controllers
can also be tested at this stage without performing the
Round 1 tuning assessment.

1) TEST 1–ACTIVE POWER RAMP
Active power demand ramps at 0.5 p.u./s are applied in both
inverting and rectifying mode to determine the power transfer
limits of each controller with SCR = 1 and the voltage devi-
ation during the ramp. In inverting mode, the power demand
reaches 1.0 p.u. but in rectifying mode the active power ramp
stops at 0.80 p.u. so as to stay within the converter rating
limits. The CHiL experimental results for this test on each
controller are shown in Figure 11 and Figure 12. All three
controllers can achieve the theoretical active power transfer
limits in both inverting and rectifying modes. The VSM is
the slowest controller, but all three controllers have a similar
power tracking error throughout the ramp and show good
voltage support.

FIGURE 11. CHiL experimental results with an inverting ramp: (a) active
power and (b) PCC voltage magnitude, VCC (green), PSC (blue) and VSM
control (red).

2) TEST 2–ACTIVE POWER DEMAND STEP
A step of 0.1 p.u. is applied to the active power refer-
ence at P = −0.9 p.u. to reach rated active power injec-
tion. The CHiL experimental results for this test are shown
in Figure 11 and Figure 12. All three controllers show a good
dynamic power response, but the VCC and PSC have an
obvious voltage undershoot due to stronger coupling between
the power reference and the PCC voltage (discussed further
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FIGURE 12. CHiL experimental results with a rectifying ramp: (a) active
power and (b) PCC voltage magnitude, VCC (green), PSC (blue) and VSM
control (red).

FIGURE 13. CHiL experimental results: (a) active power and (b) PCC
voltage magnitude to a step change of 0.1 p.u. in active power demand at
P = −0.9 p.u., U = 1.0 p.u. with VCC (green), PSC (blue) and VSM
control (red).

in Section IV.C). The VSM has a slower response than PSC
or VCC, but the voltage support during the power step is
excellent. Both VSM and PSC exhibit slight non-minimum
phase behavior in the power response.

FIGURE 14. CHiL experimental results: (a) active power and (b) PCC
voltage magnitude to a 25% voltage sag in AC grid voltage (Ug) with
500 ms at P = −0.9 p.u. for VCC (green), PSC (blue) and VSM control (red).

3) TEST 3–AC GRID VOLTAGE SAG
For this test, a 25% voltage sag, lasting 500 ms, is applied to
the grid voltage (Ug). Before the event, the system in inverting
0.9 p.u. active power. The control performance is measured
according to the system stability both during the sag event
and after it is cleared, and the overall voltage deviation at the
PCC. The CHiL experimental results for this test are shown
in Figure 14. As expected, the VCC performs best under such
sag conditions due to the inherent current limiting capability
of the controller. Although the VSM and PSC-controlled
systems are able to recover stability and reference power
transfer once the sag is cleared, there is an unacceptable

power oscillations during the sag event. Under PSC, the PCC
voltage is also highly oscillatory during the sag, but the
VSMprovidesmuch better voltage support. This difference in
voltage stability between the two grid-forming controllers is
largely influenced by the coupling between power and voltage
under PSC. Figure 15 shows the system frequency response
fromP toUf with PSC andVSM controllers. The gainmargin
of PSC is much smaller than that of VSM, indicating stronger
coupling between P and Uf and reduced voltage stability
when the power is perturbed.

FIGURE 15. Frequency response from active power, P , to PCC voltage
magnitude, Uf , for PSC (blue) and VSM control (red).

FIGURE 16. CHiL experimental results: (a) active power and (b) PCC
voltage magnitude to step changes in grid SCR from SCR = 1 to
SCR = 2 and from SCR = 2 to SCR = 3 with VCC (green), PSC (blue) and
VSM control (red).

4) TEST 4–GRID IMPEDANCE STEP
A step change in grid impedance is performed such that the
AC grid changes from SCR = 1 to SCR = 2, is allowed to
settle for 5 s, and then changes fromSCR= 2 to SCR= 3. The
CHiL experimental results for this test are shown in Figure 16.
All three control strategiesmaintain stability and power track-
ing at the impedance step changes. However, the PSC and
VSM show large transitory power oscillations, with a similar
maximum power overshoot (the inset of Figure 16(a) shows
a close-up view of this power transient with the VSM trace
brought to the front of the scope). These temporary power
fluctuations could cause instability if there are any errors at
all in the parameters used to tune the system. PSC also shows
a significant voltage oscillation at each impedance change,
which could lead to voltage collapse if any system parameters
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have not been accurately quantified. After the initial tran-
sients, the steady- state performance ofVCC and PSC appears
unchanged as the grid is strengthened, but the power quality
of the VSM deteriorates as the SCR is increased, i.e. the VSM
appears to become less stable as the grid strength increases.

FIGURE 17. Stable operating region for moderate dynamic performance
with VCC at SCR = 3 (yellow), SCR = 2 (cyan) and SCR = 1 (blue).

FIGURE 18. Stable operating region for moderate dynamic performance
with PSC at SCR = 3 (yellow), SCR = 2 (cyan) and SCR = 1 (blue).

The decreased stability of VSM at higher grid SCR may
be addressed by retuning the controller, but effective control
is therefore dependent on regular, accurate impedance esti-
mation. Conversely, for the VCC system, the weakest grid is
the limiting condition for tuning the controller, so stability in
a SCR = 1 (or weaker) grid is sufficient to ensure stability
at higher SCRs. This is demonstrated by the stable tuning
regions for moderate dynamic performance (OS < 20%,
ST < 1s, as in Section IV.A) at different grid SCRs, shown
in Figure 17, Figure 18 and Figure 19. With VCC control,
Figure 17 shows that increasing the grid SCR increases the
size of the stability region in all directions. The same com-
parison is made for PSC in Figure 18, which shows that
there is a large region of overlap between the stable operating
regions at different grid strengths, but none of the regions
are perfectly coincident. The overlap region is even smaller
for VSM control, as shown in Figure 19. This means that

FIGURE 19. Stable operating region for moderate dynamic performance
with VSM control at SCR = 3 (yellow), SCR = 2 (cyan) and SCR = 1 (blue).

stability must be verified under every possible grid condition
if employing PSC or VSM control in a variable grid; no
single set of grid parameters can be guaranteed to be the
limiting condition. If VCC is employed, tuning only needs
to be performed at the weakest possible grid setting.

FIGURE 20. CHiL experimental results: (a) active power and (b) PCC
voltage magnitude to a 1 Hz drop in AC grid frequency and 0.25 Hz/s
recovery with VCC (green), PSC (blue) and VSM control (red).

5) TEST 5–GRID FREQUENCY DROP
To test the inertial response of the three controllers, a fre-
quency drop of 1 Hz is applied to the AC grid. Before the
frequency event, the converter is injecting 0.9 p.u. active
power into the grid. The CHiL results for this test are shown
in Figure 20. It can be seen that the VCC grid-following
control successfully maintains the active power demand dur-
ing the frequency event but does not provide any additional
power injection into the grid to respond to the frequency
drop. However, good voltage and power support is provided
throughout. The VSMprovides an inertia-emulating response
by injecting an extra 0.075 p.u. active power into the grid at
the frequency event and then returning eventually to the orig-
inal, pre-event power level. The PSC also injects additional
active power, but at a constant value throughout the period
of the frequency event due to the inherent droop behavior.
The PSC also shows a small voltage oscillation (related to the
coupling discussed in Figure 15) that is not seen with VSM
or VCC.
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C. ROUND 3–FREQUENCY-DOMAIN ASSESSMENT
1) IMPEDANCE TRANSFER FUNCTION MATRIX
Themost common and established form of frequency-domain
assessment for AC grid-connected VSCs is the admittance-
impedance model. As discussed in Section II.C, the
impedance of the converter-controller can be generated via
frequency scanning (in cases (a) and (b)) or using the full ana-
lytical model (in case (c)). For this comparison, the converter
impedances are extracted from the small-signal models intro-
duced in Section III and further details of impedance mod-
elling for the respective controllers can be found in [25]–[27].
The converter and grid are represented as a current source
in parallel with a Norton-equivalent impedance, Zc(s),
and a voltage source in series with a Thevenin-equivalent
impedance, Zg(ωg, ’s), respectively, as shown in Figure 21,
where ωg is the nominal grid frequency [25].

FIGURE 21. Equivalent circuit diagram of the system impedance model.

The bode plots of the Zc(s) impedance matrix in the
dq-frame for each controller at SCR = 1, P = −1.0 p.u.
are shown in Figure 22, along with the grid impedance
frequency response. Stability of the system is governed by
the ratio of Zg(s)/Zc(s), which can be interpreted graph-
ically to a certain extent by the phase margin where the
magnitudes of Zc(s) and Zg(s) intersect [25]. It can be seen
that this intersection occurs at a higher frequency for VCC
than for the other two controllers, where greater phase loss
has occurred and so the phase margin is correspondingly
smaller. Figure 22(b) and (c) also show that the off-diagonal
impedances of VCC are higher than either PSC or VSM at
high frequencies, implying stronger cross-coupling between
the converter voltages and currents at high frequencies. The
assumptions made for VCC in strong grids of independent
power and voltage control therefore cannot be applied in these
operating conditions. The VSM shows a resonance at the grid
frequency (50 Hz), which is far less prominent in either PSC
or VCC control. This resonance may cause oscillations if
additional damping is not employed.

2) JACOBIAN TRANSFER FUNCTION MATRIX
The Jacobian transfer function matrix, J(s), of the controlled,
AC grid-connected converter system is defined as:[

1P
1U

]
=

[
JPrefP(s) JUrefP(s)
JUPrefP(s) JUUrefP(s)

]
︸ ︷︷ ︸

J

[
1Pref
1Uref

]
(12)

FIGURE 22. Bode plots of the converter impedances, Zc (s), for VCC
(green), PSC (blue) and VSM control (red) in a SCR = 1 grid with
impedance Zg (s): (a) from icd to ufd (b) from icq to ufd (c) from icd to ufq
and (d) from icq to ufq.

FIGURE 23. Bode plots of the Jacobian transfer function matrix for VCC
(red), PSC (green) and VSM control (blue) in a SCR = 1 grid: (a) from Pref
to P , (b) from Uref to P , (c) from Pref to U and (d) from Uref to U .

The Jacobian form is used in particular in [7], [23] for
modelling PSC, but it can also be applied to any other VSC
control strategy that employs active power and AC voltage
control (the AC voltage control can also be substituted for
reactive power control). This form of the system allows anal-
ysis of the upper level system coupling and the condition of
the controlled process. Figure 23 shows the bode plots of the
Jacobian transfer function matrix of each of the controllers
under test. If the off-diagonal magnitudes exceed the diagonal
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FIGURE 24. CHiL experimental results: (a) active power and (b) PCC
voltage magnitude to a step change of 0.1 p.u. in voltage reference at
P = −0.9 p.u., U = 1.0 p.u. with VCC (green), PSC (blue) and VSM
control (red).

magnitudes, the process is ill-conditioned [28] and this has a
corresponding impact on the time-domain performance. For
instance, it can be seen that the magnitude of JUrefP(s) in
Figure 23(b) is greater than the diagonal transfer functions
for all three controllers, suggesting that the active power is
strongly coupled to the AC voltage reference. This effect can
be seen in the time-domain by performing a step change inAC
voltage reference using the CHIL RTDS experimental set-up,
as shown in Figure 24. Applying a 0.1 p.u. step change inUref
produces a large deviation in P with all three control strate-
gies. In contrast, the magnitudes of JPrefU(s) in Figure 23(c)
are smaller than the diagonal transfer functions and so the
effect of a power reference change on the PCC voltage is
much smaller, as was demonstrated by the power reference
step in Figure 23. Again, the VSM shows a resonance at 50Hz
grid frequency.

D. COMPARISON BETWEEN THE THREE CONTROLLERS
The results of the standardized assessment framework for
VCC, PSC and VSM in a very weak AC grid have revealed
significant advantages and disadvantages of each strategy.
Round 1 results show that all three controllers have a suffi-
cient parameter space that can achieve stable operation with
good dynamic performance between the theoretical limits of
−1.0 p.u. and 0.89 p.u. active power transfer in a SCR = 1
AC grid. All three control strategies provide good voltage
support and the same active power limits during a reference
ramp. However, VSM control is slower than the other two
control strategies. The VCC is the most robust to increases
in grid strength (i.e. increase in SCR) without re-tuning.
Though stable, the PSC exhibits large voltage and power
oscillations during a grid parameter change and the VSM
shows increasing oscillations in active power as the grid is
strengthened. The PSC and VSM can inject additional active
power to support the grid during frequency disturbances.
Although the VCC does not offer inertia support, it shows
good voltage support during frequency event and the active
power is maintained at the reference level throughout. This
comprehensive assessment suggests that VCC is the most
robust choice for variable (or unknown) AC grid impedance
systems, but independent active power and voltage control

TABLE 4. Summary of inverter controller performance, SCR = 1.

cannot be assumed in a very weak grid. For frequency support
applications, the VSM or PSC strategies are preferable and,
of these strategies, the VSM control provides better voltage
support in a very weak grid. However, additional damping
should be considered for VSM control. A summary of the per-
formance of the VCC, PSC and VSM under this framework
is given in Table 4.

VSC controllers with non-classical structures or addi-
tional complexity – such as model predictive control (MPC),
passivity-based control and additional droop controls – can
also be assessed using this framework. For these alterna-
tive controllers, the Round 2 (time-domain) and Round 3
(frequency-domain) assessments can be applied directly as
described in Sections IV.B and IV.C, using either models or
full hardware implementation. The optional Round 1 tuning
stage should be adapted to include the most relevant addi-
tional controller parameters. For example, forMPC, the effect
of the prediction horizon and choice of cost function on
the stable controller operating space should be considered.
In this case, multiple stable operating regions would be con-
structed during Round 1 with different baseline prediction
algorithms. For droop-controlled VCC, the droop gain would
be considered as an extra tuning variable in this step. The
extension of this framework to controllers such as these will
be investigated further in future work.

V. CONCLUSION
This paper has proposed a standardized assessment frame-
work for performance analysis of any VSC controller at
the design or implementation stage. The modular assess-
ment format accommodates all controllers from analytical
models at the design stage to pre-tuned ‘black box’ con-
trollers installed in a real ac grid system. Three stages of
assessment are proposed to perform tuning, time-domain and
frequency-domain analyses. The first stage incorporates a
tuning assessment across a much broader range of controller
operating points and bandwidths than are usually consid-
ered and varies three controller parameters simultaneously to
establish the safe operating region for that controller. Impos-
ing dynamic performance constraints on this area of stable
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operating points narrows down the stable region so that an
optimum tuning point can be extracted. These tunings are car-
ried forward to the second stage where control hardware-in-
the-loop RTDS experiments have been performed to compare
the active power limits, dynamic response to power and volt-
age changes, robustness to grid impedance and the frequency
disturbance response. In the third stage, the Jacobian transfer
function matrices and impedance matrices were extracted
to compare cross-coupling, condition of the process and
resonances. An example analysis of VCC, PSC and VSM
control strategies using the proposed framework has shown
that these control strategies offer comparable performance
in steady-state, non-fault conditions, but the grid-forming
controllers give a slower response. VCC is the most robust
strategy for sag conditions or changes in grid impedance
but demonstrates strong cross-coupling in the frequency
domain.

APPENDIX
Rated AC grid voltage (RMS l-l) = 195 kV, rated AC grid
power = 350 MW, AC grid frequency = 50 Hz, SCR = 1,
X/R ratio = 10, ac grid inductance, Lg = 344 mH, ac grid
resistance, Rg = 10.86 �, filter inductance, Lc = 69.2 mH,
filter resistance, Rc = 1.09 �.

TABLE 5. Fixed controller gain values.
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