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SUMMARY

Proliferation of distributed generators (DG) such as solar and wind power plants have caused a
paradigm shift in generation from large-scale, localized synchronous machines (SMs) to small-scale,
dispersed, inverter-tied resources. With this shift, important underpinnings of a power system
experience radical changes. The inertia of a power system indicates its robustness in absorbing
generation-load imbalances in order to maintain the grid frequency and voltage at their nominal
conditions. The large rotating masses of SM rotors have inertia and help in maintaining system
stability. Due to the absence of rotational masses in inverter-interfaced DG schemes, the system inertia
is drastically reduced, which leads to poor recovery from a fault and large frequency swings
subsequent to disturbances.

Alternative methods for control of DG inverters are being explored in which they are operated to
emulate the behaviour of a synchronous machine with inertial characteristics. These virtual
synchronous machine (VSM) methods use specialized algorithms to give a voltage source converter
(VSC) the characteristic features of a synchronous machine with arbitrary parameters such as damping
and inertia. Several VSM algorithms are proposed in the literature that may or may not rely on a
phase-locked loop (PLL), including VSM zero-inertia (VSMOH), voltage controlled-VSC (VC-VSC)
model, synchronverters, and modified VSMOH method. Except the VSMOH algorithm all the other
algorithms can emulate inertia. These algorithms provide greatly different opportunities for emulation
of inertia and need to be fully investigated and assessed in order to enable their judicious adoption.

This paper presents a detailed comparative study of the aforementioned VSM algorithms using
extensive electromagnetic transient (EMT) simulations of an inverter with different VSM algorithms
connected to a load. The ability of each VSM algorithm is assessed in terms of its dynamic response
and performance in supporting the grid’s frequency and voltage in response to load variations and
faults. The contributions of this paper are essential to establish the true merits of VSM algorithms and
will be of immediate use to practicing engineers who need to implement such algorithms for inverter
controls.
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1. INTRODUCTION

With the proliferation of renewable energy sources, a paradigm shift from large-scale, concentrated
power generation to small-scale, distributed generation has occurred [1]. As a result, inadequate inertia
and lower damping of power system transients are more prevalent than before [2], [3]. To combat
diminishing inertia, methods that deploy power-electronic converters are explored. A converter
controlled in a way to emulate the characteristics of a synchronous machine (SM) is called a virtual
synchronous machine (VSM). VSM implementation comprises a mathematical model of a SM, and
presently there are a number of VSM algorithms [4]. The parameters of a VSM may be selected -
without significant constraint - to emulate an arbitrary SM [4]. VSM applications are varied, including
smooth transition between grid-connected and islanded operation in micro-grids, battery charging
applications to support grid frequency, and grid support in HVDC transmission schemes [5], to name a
few. In this paper, four VSM algorithms are assessed to identify their dynamic response
characteristics. The studies reported in the paper are conducted using detailed simulations in
PSCAD/EMTDC. The results clearly show the impact of the inertia emulation loop on the frequency
nadir. The impact of the controller topology on the fault current level has also been observed.

2. THE ANALOGY BETWEEN A SM AND A VSM
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Figure 1. The comparison of (a) a VSM connected  €lectrical power output from a converter is equal to the
to load. (b) a SM connected to load dc power input at steady state. A new steady-state
operating point for a SM s established by controlling

the mechanical power according to the frequency droop by adjusting the prime mover settings. A
VSM modulates its dc power by changing the duty ratios of its switches to reach a new steady state
operating point. The response of a SM without its governor action is determined by its inertia and
damping constant [6]. The transient response of a SM, which forms the basis of most VSM algorithms,

is described by the classical swing equation shown in (1).
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Where Pmech, Pelec, Kp, H, and ¢ are the mechanical input power, electrical output power, damping
coefficient, inertia time-constant, and angular position of the rotor in electrical radians, respectively.
The energy stored in the rotating mass of a SM’s rotor is the primary source/sink for absorbing power
imbalances. A VSM algorithms built on the swing equation can emulate the inertia, and the energy
required to fulfill its energy exchanges with the grid need to be provided from the converter’s dc-side
system, which may include an energy storage system (ESS) with fast acting capability and high-power
density. Capacitors, super-capacitors, batteries, and flywheels are possible candidates for inertia
emulation [7].

The damping torque is created in SM according to the Faraday’s Law. The deviation in speed followed
by a disturbance creates a flux component in the damper windings, which in return creates an induced



EMF and a current. The flux generated due to this current creates a torque that counteracts the main
torque and has a damping effect on the oscillations [8]. The power losses in the damper winding also
need to be supplied by an energy source accessible to the VSM. Eventually, the droop controller
changes the power generation of SM at the expense of a frequency deviation from the original value.
To emulate the droop action, a VSM requires a slow acting ESS with high energy capacity. Batteries
are suitable candidates for droop action emulation. In the VSM models considered here the secondary
frequency control action that restores the frequency is not included.

3. OVERVIEW OF VSM ALGORITHMS

The grid-forming capability of the selected VSM algorithms is tested using a system (Figure 2)
consisting of a two-level converter connected to load via an LCL filter, a step-up transformer, and a
short transmission line of 10 km. The system is modelled in PSCAD/EMTDC. The LCL filter is tuned
to reduce the current harmonics below 5% (according to IEEE1547 standard). All controllers are per
unitized. Test system specifications are given in Table 1. Table 2 shows the transmission line
parameters. The respective parameters of the control algorithms are set to be equal for a fair
comparison of the algorithms.
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Figure 2. The single line diagram of the test system
Table 1. Parameters of the test system

Parameter Value Parameter Value
dc voltage 4kV Li 150 uH
Rdc 0.0006 2 Li 5uH
Ldc 01H Ci 828.93 uF
Cdc 312.5 uF Rt 0.08 Q
Converter rating 500 kVA Transformer leakage reactance 0.1pu
Switching Frequency 2kHz Transformer copper loss 0.01 pu
Fixed P-component of load 0.6 pu Step P-component of load 0.1 pu
Fixed Q-component of load 0.6 pu Step Q-component of load 0.1 pu

Table 2. Parameters of the short transmission line
R1(Q/km) X1(Q/km) Y1(us/km) RO(Q/km) X0(Q/km) Y0(us/km)
Value 0.103 0.405 4117 0.279 1.902 0

3.1. Virtual Synchronous Machine Zero Inertia (VSMOH) Model

VSMOH model uses only the conventional droop control equations to attain the target frequency and
voltage, so that the converter can be controlled as a voltage source. Though the VSMOH model
incompetents inertia support, the droop action responds to frequency deviation [9]. Further this control
strategy makes the converter to source or sink unbalanced harmonics and inter-harmonic currents,
which helps to maintain the point of common coupling (PCC) voltage and power quality. The VSMOH
model does not require a PLL. Though the original controller includes a filter for adding further
damping, this piece of work has ignored this, on the basis of insignificant added advantage. A boxcar
filter (moving average filter) has been used in the previous work to filter the instantaneous power
values. This acts as a low-pass filter with zeros at every integer multiple frequency of 1/T, where T is
the window size. This work uses a low-pass filter with a bandwidth of 60 Hz, which removes the
higher order harmonics and produces a much simpler controller structure. Due to the absence of the
swing equation, the response is fast compared to other VSM algorithms based on the swing equation.
The controller composition is given in Figure 3.

The only required measurement is the current flowing from the converter. The target frequency (fse),
the target voltage (vset), the set active power command (Pse), the set reactive power command (Qset),
frequency droop (Dr) and voltage droop (Dy) should be supplied externally. Inbuilt droop action
facilitates parallel operation of VSMOH controlled converters. The parameters are set as, Pset= Qset =



0.6 pu, fse=1 pu, Vser=1.2 pu, fsee= 50 Hz, Ds = 0.03 pu, Dy= 0.03 pu. The response of the VSMOH to
large signal disturbances is discussed in the next section.
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Figure 3. The VSMOH control algorithm

3.1.1. VSMOH time-domain simulation results

A constant-power resistive load of 0.1 pu and a constant-impedance inductive load of 0.1 pu are added
to obtain the responses in Figures 4 and 5, respectively. The 0.1 pu constant-power resistive load
increases the active power demand by 0.1 pu (Figure 4.a). Due to the coupling between active and
reactive power, reactive power supply also undergoes transients (Figure 4.b). The unavailability of a
secondary frequency control action results in a speed deviation at the steady state. The steady state
speed value is determined by the f-droop action. Since Af/AP = Ds, For a AP = 0.1 pu and Ds= 0.03
pu, Af is 0.003 pu. The simulated results verify this (Figure 4.c). The external frequency measurement
taken from PLL has high frequency noise due to the converter’s switching action (Figure 4.d). The
required additional active power has been taken from proper modulation of the dc side (Figure 4.e).
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Figure 4. Constant power-resistive load of 0.1 pu
addition. (a). Active power PCC (b). Reactive
power PCC (c). Virtual rotor speed (d). External
frequency (PLL) (e). dc power

Figure 5. Constant impedance-inductive load

of 0.1 pu addition. (a). Active power PCC (b).

Reactive power PCC (c). Load current (d). Bus
voltage (e). Machine terminal voltage

Figure 6. Three phases to ground solid fault at
PCC for 0.1 s. (a). Active power PCC (b).
Reactive power PCC (c). Load current (d). Bus
voltage (e). Virtual rotor speed

Due to the constant-impedance nature of the inductive load, the additional reactive power supply is
less than 0.1 pu (Figure 5.b). The coupling effect causes transients in the active power supply (Figure
5.a). The voltage control is governed by two actions. The Q-V droop governs the VSM’s terminal
voltage (Figure 5.e.). The V-I characteristic depends on the reactance between the terminal of VSM
and the bus, which will determine the additional voltage drop required (Figure 5.d). Both the droops
will determine the reactive power support share by parallel connection of VSMOH converters. An
analysis on the phase angle together with the rms value analysis on the load current (Figure 5.b) shows
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that more inductive current is drawn to support the added inductive load. The impact on the dc side
power is negligible. A solid three-phase-to-ground fault is applied for 0.1 s (6-cycles). As the bus
voltage reaches zero (Figure 6.d) the machine’s output power at the bus reaches zero (Figures 6.a and
6.b). The fault current level reaches 4.5 pu (Figure 6.c). Due to the sudden drop of power supply, the
virtual rotor accelerates similar to a conventional synchronous machine.

3.2.  Voltage Controlled-VSC (VC-VSC) Model

The VC-VSC model adds the swing equation to the VSMOH model to emulate synthetic inertia and
damping terms (Figure 7). The droop action modulates the virtual mechanical power input. The
damping path does not contribute to the grid forming mode, as the wycc is same as the virtual machine
speed. The original work contains an additional path to control reactive power under grid connected
mode [10]. This path is removed here as the focus is on the islanded mode. The generated voltage (E)
is used to find out the modulation index. Then the modulation index together with the virtual phase
angle is used to generate the reference waveforms for the PWM switching action. The previous work
has missed the Qs in the voltage droop block. This has been added in this work. The developed
islanding detection and over-current limiting actions in the original work are excluded to create a fair
comparison. The absence of the emulated field action avoids the restoration of the terminal voltage.
This avoids the emulation of SM dynamics optimally in this model as well. Only the transient
responses will be changed from the VSMOH model, due to the inner controller part based on the swing
equation of the P-f controller. The steady state response, which will depend on the droop action, will
be same for VSMOH and VC-VSC models. A PLL is also needed for frequency measurement. The
reference commands should be provided externally. The inertia, damping, and droop coefficients can
be selected arbitrary. The parameters are set as, Pret = Qrer = 0.6 pu, wret =1 pu, Erer =1.2 pu, Dp = 0.03
pu, Dq= 0.03 pu, H=3 s, Kp=20 pu. The dynamic responses of VSM under this algorithm are discussed
next.

Wref ﬂ)
(b)

Figure 7. VC-VSC control algorithm (a) Active Power-Frequency (P-F) controller (b) Reactive Power-Voltage (Q-V) controller
3.2.1. VC-VSC model-time domain simulation results

The VC-VSC model’s response to a constant-power resistive load addition is comparable to the
VSMOH model (Figure 8). The transient speed variation has a sluggish behaviour due to the inbuilt
swing equation model (Figure 8.c). Similar to the VSMOH model, the steady values match the f-droop
calculations. The same Q-V controller adoption has made sure a similar response for the constant-
impedance inductive load addition (Figure 9). This VSM model responds to the three-phase-to-ground
solid fault at the PCC similarly to the VSMOH model (Figure 10), except the virtual rotor’s peak value
speed, which is 0.001 pu less than the VSMOH model (Figure 10.e). This is due to the added virtual
mass for slowing down speed deviations.

3.3.  Synchronverter

The synchronverter model also uses decoupled control loops for active power-frequency (P-f) and
reactive power-voltage (Q-V) control [11], where the P-f controller is based on swing equation and
droop action. synchronverter can emulate the field action to control the terminal voltage on top of the
voltage droop action. The original synchronverter algorithm uses a mechanical damping signal to
emulate frequency droop action, which results in theoretical conflicts. As mechanical damping is
proportional to the speed deviation between the machine and the PCC while frequency droop action is
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proportional to the speed deviation between the nominal value and the PCC frequency value.
Therefore, it is worth noting that the synchronverter has eliminated the load damping path (which is
actually useless in grid forming) and only frequency-droop path has used. Though the original work
has used calculated torque and reactive power values for the controller design, this piece of work has
only relied on the measured values. The controller arrangement is given in Figure 11.
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Figure 8. Constant power-resistive load of 0.1 pu
addition. (a). Active power PCC (b). Reactive
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Figure 9. Constant impedance-inductive load

of 0.1 pu addition. (a). Active power PCC (b).
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voltage (e). Machine terminal voltage

Figure 10. Three phases to ground solid fault
at PCC for 0.1 s. (a). Active power PCC (b).
Reactive power PCC (c). Load current (d). Bus
voltage (e). Virtual rotor speed
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Figure 11. Synchronverter control algorithm (a) Active Power-Frequency (P-F) controller (b) Reactive Power-Voltage (Q-V) controller

For a stable controller operation, the Q-V controller time constant (K) should be larger than the P-f
controller time constant (2HD,). The parameters are set as, Pret = Qrer = 0.6 pU, wret =1 pu, Er=1.2 pu,
D, = 33.33 pu, Dg= 33.33 pu, H=3 s, K=3.33 pu. The peak value of the voltage (V) is calculated
using (2). This is then used to determine the modulation index and to generate reference signals for
PWM action.

Vm = waif (2)

The original authors have modified the synchronverter to be self-synchronized with the grid [3]. Due
to the focus on grid formation, this part is not included in this paper. However, this removal of non-
linear slow acting element from the power system makes the system controlling much easier.

3.3.1. Synchronverter model time-domain simulation results

Since the P-f control path is similar to the VC-VSC model, the dynamic response of the
synchronverter to a 0.1 pu addition of a constant-power load is close to that of the VC-VSC model
(Figure 12). The voltage regulating action in the Q-V controller restores the machine’s terminal
voltage (Figure 13.e) for the constant-impedance inductive load addition. For the three-phase-to-
ground solid fault, the power output, bus voltage, load current and speed deviation are closer to
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previous controller algorithms. However, a slow Q-V controller has given the converter a longer a
settling time than the previous two controllers.
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3.4. Modified VSMOH Model.

The authors of the VSMOH model further improved its mathematical model and developed the
modified VSMOH model [12]. This model also deploys decoupled control loops for P-f and Q-V
control actions. The voltage control is achieved using conventional v-droop action together with a Pl
controller. The emulated mechanical power signal is generated using the f-droop action together with a
PI controller. Inertial and damping responses are emulated using swing equation as the inner controller
in the P-f controller. Modified VSMOH provides the added advantage to automatically set P and Q in
grid connected mode as voltage and frequency are set by the grid. The original controller has several
damping actions, current controlling, and dynamic braking, which have not been implemented in this
work to enable a comparative analysis. The controller arrangement is given in Figure 15.
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Figure 15. The modified VSMOH control algorithm (a) Active Power-Frequency (P-F) controller (b) Reactive Power-Voltage (Q-V) controller
Similar to synchronverter model, this controller should have a larger time constant for the PI controller
of the Q-V controller than the PI controller of the P-f controller. Further, depending on the H and Kp
values the inner controller time constant (2H/Kp) will vary. Therefore, the integral time constant of the
PI controller should vary in order to maintain a larger time constant for the external controller than the
internal controller. The parameters are set as, Pset = Qset = 0.6 pu, fsei=1 pu, Vse=1.2 pu, Dp = 0.03 pu,
Dg= 0.03 pu, H=3 s, Kp=20 pu, proportional gain and integral time constant of P-f controller are Kes=
1 pu, Ti¢ =0.1 s respectively proportional gain and integral time constant of Q-V controller are Kpy = 1
pu, T =1.2 s respectively,. A detailed dynamic response analysis is presented next.



3.4.1. Modified VSMOH model time-domain simulation results

The dynamic responses of the system to the load adding disturbances and a solid three-phase-to-
ground fault have similar patterns to the synchronverter model. The slow acting Pl controller of the
outer loop of the P-f controller has further slowed down the frequency response (Figures 16.c and
16.e). The rearrangement of the v-droop to regulate the voltage restores the machine terminal voltage
as shown in Figure 17.e.
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4. CONCLUSIONS

Different inertia emulation techniques have been compared. The VSMOH model can respond
spontaneously due to the absence of a slow swing control. However, it cannot support grid frequency
at the initial stage of its nadir. Due to the embedded swing control, the other three controllers can
smooth out the initial frequency swings. The P-f loop’s inner controller of the modified VSMOH
model can achieve a larger bandwidth by reducing virtual inertia (H) and increasing load damping
(Kp). This allows the external P1 controller to have a smaller time constant so that the overall response
will be faster. Irrespective of the controller arrangement, the fault current for the solid three-phase-to-
ground fault at the PCC caused a fault current level of around 4.5 pu. The same test system but with a
similar sized hydro generator with governor, turbine, and exciter caused a 3.5 pu fault current for the
same type of fault. Normally the fault current limit of the converters is less than 1.2 pu [13].
Therefore, the over-current protection of these converters is needed. The f-droop is a must-have
feature of the VSM as it changes the power output of the converter according to the grid frequency
variation and allows parallel connection of the VSMs. However, if the system operator requires
inertial support as well, then the swing equation needs to be merged with f-droop. A larger synthetic
inertia and damping means more power will be injected or absorbed for the same amount of frequency
deviation. The possible inertia, damping, and steady state power sharing (f-droop) depend on the
energy buffer available on the dc side and the converter’s current rating [14]. Overall, the VSM
concept allows future grids to host more converter-tied power plants without compromising power
system stability.
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