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Abstract

This paper investigates the analysis and design of digital single-loop voltage-controller for grid-forming voltage source converters with
LCfilters. Inspired by the structure diagram of the passive damping method, the virtual resistance concept based on only capacitor
voltage feedback is used to realize active damping without the need of any current sensor, reducing thus the system costs. It is revealed
from the controller closed-loop analysis that the insertion of an integrator in series with a proportional and resonant controller can
significantly improve stability margin and dynamic performance of the system, then only the proportional controller need to be
determined for system stability and the resonant controller is merely used for zero steady-state tracking error, which facilitates
the controller parameter tuning. A systematic design based on the root contours in the discrete z-domain is proposed to optimize
the parameters of the controller. The largest distance between the poles of the closed-loop system and the unit circle is achieved,
which indicates the fastest dynamic performance under desired stability margins. Meanwhile, a simple differentiator constructed
by backward-Euler plus lead-compensator is used to replace the noise-sensitive derivative term. In order to evaluate the proposed

control approach performance, the system is tested in laboratory setup under different load conditions. The obtained results verify

the effectiveness of the proposed design method and validate the analysis.
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1 Introduction

The renewable energy sources, such as wind power and
photovoltaic power, are generally connected to the grid
by voltage source converters (VSCs). They are generally
working as current sources, i.e., grid-following converters.
However, for some cases, such as in weak grids or islanded
distributed generator systems, supporting the grid volt-
age is required, and thus the voltage-controlled VSCs,
which is also known as grid-forming converters (GFCs),
are increasingly deployed and emerge as a new trend [1—4].
To provide a pure voltage output with small switching har-
monics, LC-type output filters are commonly employed as
well as the filter capacitor voltage is controlled to supply
uninterrupted power to the local loads. However, the filter
inherent resonance brings a stability challenge to the con-
trol system [4—7] and consequently, how to design satis-
factory control systems achieving adequate stability marg-
ins, fast dynamic responses, and negligible steady-state
errors becomes a critical challenge for these VSCs.

Many linear control methods have been reported in
the literature to meet the requirements of GFCs. They
are categorized into two groups in respect to the control
structure, i.e., the single and dual-loop control schemes.
The single-loop control schemes have been investigated
due to the simple control design and free of current sen-
sors for active damping [8—12]. It is revealed that propor-
tional and resonant (PR) controller can stabilize the con-
trol system when LC-filter resonant frequency is above
one-third of the sampling frequency, which is usually
too high to get satisfied switching harmonic attenuation
performance in practice. To further widen the stability
design region of LC-filters, several strategies have been
proposed. In [10], a PR controller with a negative propor-
tional gain is employed at the expense of a poor dynamic
response of the controller. Besides, a damping controller
based on lead filters [11] or low-pass feed-forward of the
capacitor voltage [12] was developed to actively damp the
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inherent resonance without the need of current feedback.
Nevertheless, more control parameters are introduced by
these methods, which make system design substantially
complicated. The dual-loop control schemes are more
popularly employed [13-20], which consist of an outer
capacitor voltage-loop and an inner inductor or capaci-
tor current-loop. It has been proved that the inclusion of
the inner current-loop can provide the necessary damping
and facilitate the over-current protection of the VSCs [19].
However, having an inner-loop current controller requires
more sensors that increases the overall cost and reduces
the system reliability. Optimized parameter design of the
dual-loop control structure has always been an attractive
topic for researchers [13-20]. There are no widely accepted
guidelines to design control parameters to ensure the sys-
tem stability. Most of the existing design approaches
focus more on the voltage outer-loop where PR controller
is usually employed. Generally, the voltage outer-loop is
designed to achieve a specified bandwidth and disturbance
rejection requirements whereas the inner current con-
trol loop is only considered to support and facilitate the
design of the outer loop to get a desired performance [15].
Nevertheless, due to the inter-coupling between the two
loops, this result in a complex design process where is dif-
ficult to analyze how each control parameter affects the
stability of the VSC system [16, 20]. Therefore, only both
optimized control loops can result in an optimal control
system performance.

In this work, unlike the classical nested-loop approach
mentioned above, the control objective is achieved by con-
sidering both the voltage loop and the virtual resistor (VR)
based active damping (AD) controller as a single control-
ler with only the capacitor voltage feedback, this can be
saving system cost by eliminating the need of current sen-
sor. Firstly, according to the analysis of the basic damp-
ing solutions, the AD scheme with only capacitor voltage
feedback is selected. The digital implementation of this
scheme needs to find a physically realizable term to replace
noise-sensitive derivative term in AD controller. Then,
the closed-loop controller analysis is presented, and intrin-
sic time delay of the controller is investigated, from which
an extra integrator in series with a basic PR controller is
proposed for improving the system stability and dynamic
performance. A systematic design approach based on the
root contours in discrete z-domain is proposed to opti-
mize the parameters of the resulted controller. The largest
distance between the poles of the closed-loop system and
the unit circle is achieved, which indicates the strongest
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damping and fastest dynamic response. Finally, in order
to evaluate the proposed control approach performance,
a single-phase VSC system is tested under inductive,
capacitive and nonlinear load conditions. Experimental
results are provided to verify the theoretical findings and
the effectiveness of the proposed design approach.

2 System description and modeling

Fig. 1 shows the typical topology of three-phase VSC cur-
rently utilized in islanded microgrids. It consists of a DC
power source, a three-phase two-level inverter, a second
order LC-filter and local loads, which can be linear or non-
linear. For this investigation, it is assumed that the input
dc bus voltage can be supplied constant by a renewable
energy source or battery energy storage system, and the
parasitic resistors of the filter components are neglected to
emulate a worst resonance case of the system.

In this paper, PR controllers in the stationary frame will
be studied, since it can be easily implemented in both sin-
gle and multi-phase systems. Based on Fig. 1, three equiv-
alent per-phase circuits can be obtained. For the sake of
simplicity, all the analysis will be performed here for only
one phase. The plant model required to design the proposed
voltage controller relates the controller output voltage with
the capacitor voltage. Using the notation and current flow
indicated in the Fig. 1 and taking Laplace transformation,
the output voltage dynamics of the GFC is given as:

v, (8)=G, (s)xv,(s)=G, (s)xi (s), o)

where G| (s) and G| (s) are the transfer functions from con-
verter-side voltage to capacitor voltage and from load cur-
rent to capacitor voltage respectively, expressed as:

_v(s)_ @
G (s)= v, (s) st @
G, ()= o) 20 G)

and o, =J1/L,C, is the resonance frequency of the
LCilter.
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Fig. 1 Topology of three-phase VSC system with output LC-filter
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Such a model depends on the current demanded by the
unknown load connected across the VSC. This current is
modelled as an independent disturbance input, which enables
passive or active loads or external grid connection to be con-
sidered. As illustrated by system Bode diagram presented in
Fig. 2, significant changes in the plant dynamics, especially
the effective resonant frequency of the system, are caused
when different types of linear loads are connected. It can be
seen that for no-load condition, G, (s) has always one pair
of conjugate poles, leading to system instability. Resistive
loads would provide physical damping to the control sys-
tem, contributing thus to system stability. However, pure
inductive and capacitive loads shift the resonant frequency
of the system; this deteriorates the robust performance of the
controller severely as well as overall system stability [10].
It is thus necessary to provide the voltage controller with
enough robust performance under a wide range of loads to
deal with system uncertainty caused by load variation.

3 Proposed control approach

An approach for developing the forms of AD controller is
investigated in Section 3, where the main idea is to relate
the control diagram with the expected equivalent circuit
by manipulating the block diagrams without changing the
transient behavior of the system. Two main criteria, which
are the transient behavior of power stage and the number
of measuring sensors, are considered to select a preferred
AD controller.

3.1 Developing of AD controller

According to the physical location of the resistor in the LC
circuit, there are four basic damping solutions, i.c., resis-
tor either in series or in parallel with the filter inductor
or capacitor. Based on the frequency responses of these
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Fig. 2 Bode of the plant model under different type of loads

four connections shown in Fig. 3, it can be seen that resis-
tor in series with C or in parallel with L will weaken the
high-frequency harmonic attenuating ability of LC-filter,
which results in a relatively low voltage control bandwidth.
On the contrary, when resistor is added in parallel with C
either in series with L, it is clear that these connections only
have a positive effect while keeping unchanged the magni-
tude-frequency characteristics of LC-filter at the low- and
high-frequency ranges, which is convenient for the design
of the voltage controller. As a result, the two last connec-
tions are preferred among the possible connection types.

The implementation of a VR that is connected in series
to the L requires an additional current sensor. Considering
that the inductor current is already measured for protection
purpose in dual-loop control scheme, so this is the better
option. On the contrary, the implementation of a VR that
is connected in parallel with C does not need an additional
sensor; because the voltage sensor is already exists and
an extra sensor can be saved. However, a differentiator is
required to convert the current signal to the voltage signal
that can be applied to the pulse width modulation (PWM),
which may bring a noise amplification problem in practi-
cal implementation [21, 22]. One way to overcome it is to
feed back the capacitor current, instead of voltage, which
presently, has many damping methods based on it [16, 19],
but will nonetheless incur additional sensor cost.

Based on the above analysis, the AD scheme with
only the capacitor voltage feedback to realize VR in par-
allel with the filter-capacitor can be regarded as the pre-
ferred choice when simultaneously taking into account
the two predefined criteria. The corresponding per-phase
block diagram for the proposed control is shown in Fig. 4,
in which the capacitor voltage is fed-back for both output
voltage regulation and AD purposes.
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Fig. 3 Impact of resistor location in damping the transient oscillations



Fig. 4 Block diagram of the proposed control scheme in s-domain

In Fig. 4, G (s) represents the control loop delay which
is the 1.5 sampling periods delay consisting of one sam-
pling period of computation delay and equivalent half
sampling period of zero-order-hold (ZOH) effect in PWM
delays [23]. In the continuous s-domain analysis, the time
delay effect is always approximated by the rational trans-
fer functions, where the second order Padé approximation
is widely used [18]. G (s) is the capacitor voltage control-
ler, which is generally implemented with a PR controller to
achieve accurate AC voltage reference tracking. As shown
in Fig. 4, an AD controller is equipped with the voltage
feedback loop to realize VR in parallel with filter capaci-
tor without the need of current feedback. From the block
transformation, the AD function can be expressed as:

G,(s)=k,xC,xs. )

Considering first that the AD feedback function as
an ideal differentiation of the capacitor voltage, it can be
easily identified that the proposed control scheme is equiv-
alent to a traditional dual-loop control scheme with capac-
itor current feedback, where the damping gain k, can be
regarded as the proportion gain of the inner loop control-
ler. Thus, the same closed loop transfer function and so the
same control effects can be achieved. It should be noticed
that in practice such similarities can be obtained by only
an accurate derivative approximation term, which will be
addressed later in Section 3.2. From the Fig. 4, the open-
loop transfer function with AD controller in Laplace fre-
quency domain can be derived as:

7, (5) =, ()1 o) O 1)

15G,(5)G, ()G (5) ©)

ve

Frequency domain synthesis techniques can now be
applied to the voltage control loop. However, the compu-
tation delay and PWM modulation would introduce a tran-
scendental function to the open-loop transfer function,
which makes it hard to analyze the stability of the control
system [10, 14]. To solve this problem, the control block
diagram in Fig. 4 can be transformed from s-domain into
z-domain. The discretized form of the open-loop transfer
function can be derived by applying ZOH transformation:
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Since the control scheme will finally be implemented in
a digital processor, the stability of the overall control sys-
tem can be assessed by this last equation.

3.2 Analysis of the closed-loop controller

Considering the effect of time delay, it has been found that
the proposed voltage-loop control as that the traditional
dual-loop control is unstable when the LC-filter resonance
frequency is higher than one-sixth of the sampling fre-
quency [5, 10]. To ensure a stable control loop, this paper
considers first that the LC-filter is designed with a reso-
nance frequency less than one-sixth of the sampling fre-
quency. The parameters used in the analysis and calcula-
tion in this article are listed in Table 1.

For the entire voltage-loop system given by Eq. (5),
it is seen from the denominator that the damping gain can
dampen the LC resonant peak and the voltage loop can hence
be designed with satisfactory stability margin, e.g., widely
accepted criteria: PM > 30° and GM > 3dB [16]. The larger
gain k, is, the more damping will be added. However, con-
sidering the system time delay there is additional phase-lag
present in the voltage loop, which limits the design of the
damping gain. As can be seen from the frequency responses
of the uncompensated voltage-loop plotted in Fig. 5, there
exists an upper limit for &, to avoid the non-minimum phase
(NMP) behavior, which is not desired in the control system.
Below this value, the LC resonance is slightly shifted yet still
significant, and around the resonant frequency the phase will
cross over —z, which may lead to a relatively low control loop
bandwidth when basic PR is used as the voltage controller.
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Fig. 5 Frequency responses of the uncompensated voltage-loop with
different damping gains
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It is found in some published papers that higher values of
proportional gain of PR controller increase the 7 high-fre-
quencies gains, which reduces the phase margin and results
in unstable closed-loop response. Hence, to guarantee the
system stability, the designed proportional gain is gener-
ally very small, which means that its enlarging effective-
ness the control bandwidth is very limited [13, 16]. It is
identified that the phase lag of the R controller plays a crit-
ical role in stabilizing the system. In contrast, adding the
P controller can only reduce the phase lag of the R control-
ler and worst the system stability. This demerit can be over-
come by modifying the voltage controller structure. It is
proposed in this paper that an extra integrator is inserted in
series with the basic PR controller. The objective is to guar-
antee a decreasing frequency response, enhance the sys-
tem control bandwidth, as well as for fast load steps distur-
bances rejection. As a result, a PRI controller is obtained,
whose transfer function can be expressed as:

k.s 1
o 0=(b gt ) "

where kp and k_are respectively the proportional and reso-
nant gains of the basis PR controller, w, is the fundamen-
tal frequency and { is the damping ratio of the resonant
compensator, whose value is set 0.01 to preserve certain
adaptability toward frequency variations.

The analysis above elaborates that the basic PR voltage
controller limits the control bandwidth of the voltage loop.
To illustrate this drawback, the frequency responses of
the compensated open-loop system with respectively the
R, PR and PRI controllers are plotted together in Fig. 6.
The used controllers' parameters are given in Table 1,
where those the PR controller are chosen only as an indi-
cation to make a comparison and show his drawbacks on
the system stability. It is obvious that due to the introduced
integral behavior, the R and PRI controllers are capable of
effectively damp the resonance without comprising the sys-
tem bandwidth. As it can be seen, the attainable maximum
bandwidth with these controllers is much larger than that
the PR one, then the requirement of stability margins can
be easily satisfied. It is worth noting that for frequencies
above w , the R and PRI controllers can be approximated
as integral ones. This equivalence indicates that both the
controllers with the same parameters achieve similar per-
formance even though the low frequency behavior of each
controller is substantially different. Consequently, only the
kp gain in Eq. (7) should be designed for system stability,
whose value is not affected by o, as in case that using only
R controller. The k_gain can merely be designed for zero

R
Gye(s)
PR. (unstable)
__ —— R(stable)
— — PRI (stable)

Magnitude (dB)

Frequency (Hz)

Fig. 6 Frequency responses of the compensated voltage loop with
respectively R, PR and PRI controllers

steady-state error, yet with little phase effect at the phase
crossover frequency. When necessary, additional resonant
terms can be included for removing distortion harmonics
introduced by the non-linear loads without affecting sys-
tem stability margin [22].

3.3 Implementation of digital differentiator

As mentioned above, there exists a pure differentiator in
the AD controller, which cannot be directly implemented
due to unacceptable noise amplification. Thus, the first
practical issue of the proposed control scheme is the imple-
mentation of this digital differentiator. Among the existing
direct methods, it is known that Backward Euler deriva-
tive is the only stable derivative, but it introduces a phase
lag up to 90° at the Nyquist frequency, which is equivalent
to a delay of half sampling period [21]. This phase-lag will
eventually nullify the derivative effect, implying lack of
accuracy. An intuitive idea to match the ideal differentiator
closely is to compensate this half sampling period. To do
that, a lead-lag element, a first-order lead compensator and
a second order generalized integrator are used [24, 25].
Due to its effectiveness and simplicity, the first-order lead
compensator is preferred here. A direct realization of dig-
ital differentiator based on backward Euler plus first order
lead compensator is constructed as:

Gs(z):z(“_—mjx(z—_lj; 0<m<l1. ®)

z+m zT,

The proposed differentiator can be regarded as a general
form of digital differentiator, whose performance can be
flexibly adjusted depending on the value of m. Obviously,
for m closer to 0, it is reduced to backward Euler differ-
entiator and for m closer to 1 it behaves more like Tustin



differentiator. Therefore, a trade-off between the phase
lead compensation and the gain amplification should be
made to select a proper m. The value m = 0.8 is selected
here as it gives a closer match with the ideal differentiator.

4 Controller parameters design

Assuming that the output filter components have already
been determined, only the two controller gains &, and &,
can change the closed-loop poles and thus the dynamic per-
formance and stability. A systematic design approach for
these two parameters is formulated below based on the root
contours in the discrete z-domain. The fastest dynamic
response under desired stability margins is defined as the
criteria in order to determine the optimized performance.
Therefore, a pole map of uncompensated voltage loop can
be directly employed to get the optimized £, that results in
dominating poles nearest to the original point of the unit
circle. In this manner, the design of the damping loop is
completely independent from that of the voltage loop.

Fig. 7 illustrates the pole map of the uncompensated
voltage loop obtained by varying the gain &, from 0 to 15.
It can be observed that a pair of resonant poles moves
toward to the inside of the unit circle at the beginning,
which is theoretically beneficial for the design of voltage
controller. In fact, the moving inside the unit circle is the
contribution of the active damping. However, with increas-
ing k, continuously, the damped poles move toward the
unit circle and come out the unit circle at a certain extent.
Once these poles stay out of the unit circle, the NMP sys-
tem behaviour results, which is not preferred since it leads

Imaginary Axis

Fig. 7 Pole map of the uncompensated voltage-loop varying with &,
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to the voltage loop hard to be stable. It should be noted that
when k,= 7, the dominant poles are closest to the original
point, which means that the VSC can obtain best damping
effect and can result in the fastest dynamic performance
for the damping loop. To better identify this optimized
gain, the damping rate is calculated according to the
closed-loop poles using a simple program in MATLAB.

In the same way, since the resonance term in Eq. (7)
only affects the frequency response near the frequency o,
hence, only the parameter kp needs to tune in the outer
voltage loop for satisfying the desired stability margins.
First, the influence of the resonance term is neglected, that
is to consider the voltage controller as integral one, which
is discretized by the Tustin method, as shown in Eq. (9):

k 2 z-1

G, (s):—p; f A — ©
s T z+1

K

On the other hand, the damping loop controller takes
the optimized gain k, previously determined. As a result,
the optimized gain kpo can be easily obtained with the help
of pole map of 7, (z) plotted in Fig. 8 with varying the gain
kp from 0 to 600. It can be observed that with the increase
of kp, a pair of dominant poles initially moves towards
original point, and then these poles move gradually away
and come out the unit circle when kp increases to a certain
extend. When k=300, the poles are closest to the original
point of the unity circle. If this value can ensure satisfied
stability margins as illustrated in Fig. 6 (GM =5 dB and
PM = 62° at 600 Hz), it is deemed as the optimized one
because of the fastest voltage loop dynamic performance.

Imaginary Axis

Real Axis

Fig. 8 Pole map of the compensated voltage-loop varying with kp
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5 Experimental verification and results

Effectiveness of the proposed controller design has been
verified experimentally on the laboratory prototype with
a single-phase LC filtered inverter setup. The parameters
of the experimental setup are listed in Table 1. The pro-
posed closed-loop control is implemented with dSPACE
DS1202 platform whose output gating signals are chan-
neled to SEMIKRON inverter. A constant DC voltage
power supply was used to power the VSC. A 4-channels
oscilloscope and a power quality analyzer were employed
to capture and analysis the experimental waveforms.

5.1 Performance of GFC turns on and off without load

Under the above designed parameters, the first test shows
the reference voltage tracking capability with the pro-
posed control, where the system is operated with a sinu-
soidal reference voltage under the no-load condition. This
is one critical situation in practical applications because of
the lowest system damping. Fig. 9 shows the experimental
transient waveforms obtained when turns on and off the
GFC with changing the damping gain from 4 to 7 and 10,
respectively. In order to assess the dynamic performance,
the voltage tracking error (Av) is displayed together with
the output voltage in each case. The settling time is utilized
to qualify the dynamic speed of the control system. It is
defined as the time from the step change to the final value
within an error band less than 5% of the steady state value.

Table 1 System and control parameters of the experimental setup

Parameters Value
AC peak output voltage 100 V
AC fundamental frequency 50 Hz
Inverter DC-link voltage 110V
LC output filter inductance 1 mH
LC output filter capacitance 15 uF
Sampling and switching frequency 10 kHz

Inductive load (series RL) R=25Q;L=6mH

Capacitive load (parallel RC) R=20Q; C=50pF

Nonlinear load (diode bridge with ¢y =~ 0 mH: € =30k

R=20Q
Optimized damping gain k,=17
PR controller gains kp =0.9; k, =300

PRI controller gains kp =300, k/, =900

As can be seen, the system dynamic response becomes
slow with the increase or decrease of the damping gain
from its optimized value. The settling time is above 5 ms
for a low damping gain (k,= 4). In addition, apparent high
frequency oscillations appear in output voltage during both
GFC activation and deactivation events, which indicating
that the system is marginally stable. For a large damping
gain (k, = 10), there is visible voltage tracking error (volt-
age total harmonic distortion (THD = 4.9%), which indi-
cate that AD is not efficient. With the optimized damp-

ing gain (k, = 7), the system dynamic response is very
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fast, and the settling time is only about 1 ms. Moreover,
the control system is capable of providing a high-wave-
form quality voltage. This statement is verified by the low
output voltage THD (0.40%).

5.2 Performance of GFC with load turns on and off

The second test evaluates the performance of the pro-
posed controller under inductive, capacitive and nonlinear
load steps. The parameter details of the tested loads are
given in Table 1. Both the connection and the disconnec-
tion events are tested when the GFC is operated for nomi-
nal reference voltage. Fig. 10 shows transient experimental
waveforms of the output voltage and the load current when
the loads are suddenly turned on and off respectively.
As can be seen from Fig. 10, no significant transients are
observed in the output voltage during both the loads con-
nection and disconnection events and the system responds
quickly against the load disturbances, which verify the
robustness of the system. It should be noted that the exper-
imental results in Fig. 10 are obtained without incorporat-
ing any additional resonant terms to the controller. From
the voltage and current steady state THD analysis, a very
low distortion in voltage output is observed even with high
distorting load consisting of a diode rectifier bridge feed-
ing LC-filter in parallel with resistor at DC-link. This is
due to the high gain at lower frequencies inherent to the
high bandwidth controller design. In regard to the paral-
leled RC load (capacitive load), the capacitor of the load
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would share switching current harmonics with the capac-
itor of the LC-filter. As can be seen in Fig. 10(b), the total
load current also contains large amounts of switching har-
monics. Additionally, the loads are connected to the VSC
through a manual switch, and due to the jitter of the man-
ual switch during switching on, the large load current
spikes appear in this case of capacitive load.

6 Conclusion

This article demonstrates the design and implementation
of digital single-loop voltage controller for grid-forming
VSCs. Although the proposed control scheme does not
require current measurement, which reduces the system
costs and enhances the reliability, a wide bandwidth and
cost-effective sensor should be used in order to incorporate
over-current protection. The discrete model of the plant
is firstly developed, and then the tuning of the controller
parameters is discussed based on the discrete root locus
analysis to achieve the fastest dynamic performance under
desired stability margins. The proposed design process
is very simple without solving complex formulas and the
tuning of the inner damping loop is completely indepen-
dent from that of the voltage outer loop. The experimental
results provided show a good dynamic response and proves
the effectiveness of the designed controller. The obtained
results with linear and non-linear loads validate the ability
to provide the high quality of output voltage even in the
presence of low order harmonics in the load current.
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