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Abstract—Due to climate change, progressively more isolated electrical power systems are integrating renewable energy sources.
But the transition from synchronous generators to converter-interfaced generators also produces a few issues due to the lack of
rotational inertia. The voltage source converters (VSCs) enabled with the so-called grid-forming control may provide a solution for
the converter-dominated electrical power systems. This paper presents the implementation of two control strategies, Virtual
Synchronous Machine (VSM) and Synchronverter (SynC), for converter-interfaced generators in the real-time environment
(Typhoon HIL) to emulate synchronous generator (SG) behaviour. The advantages of grid-forming converter control to provide
inertia response service and make the system more robust to changes in the active power of loads have been demonstrated in real-
time simulations through a scenario of a positive load step connected to the converter.
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. INTRODUCTION

Climate change and increased fuel prices have motivated a massive integration of renewable energy sources (RES) such as
wind or solar. Therefore, the electricity generation using the so-called conventional non-environmentally friendly generation has
been removed from the isolated electrical power systems [1]. Allowing to reduce the emissions of CO,, have more competitive
energy prices and reduce the amortization time of the investments in the electrical power systems [2]. It has been related in the
scientific literature to many of the negative issues of reducing the number of synchronous machines connected to the power
system, especially considering the extensive penetration of RES. Since the number of synchronous generators (SGs) connected
to the power system diminishes in favour of converter-interfaced generation units, the power system inertia is reduced. However,
short and long-term solutions to those challenges have been already defined in the literature; one of the long-term solutions is
enabling the converter interfaced unit with a control loop to help enhance the system stability. An appropriate control technique,
the converter-interfaced generators, can provide a solution to the low rotational inertia [3]. The aforementioned solution is related
to controlling the converter as a voltage source converter (VSC) using the so-called grid-forming control. This approach permits
to emulating of some of the electromechanical properties of the SG's behaviour.

In the scientific literature, many control techniques are reported to emulate an SG's behaviour. Many publications have
proposed the concept of a Virtual Synchronous Machine (VSM) in order to simulate the SGs [3],[4],[5]. VSMs have been shown
to be an excellent approach for overcoming several stability concerns and giving virtual inertia to the electrical power system
[6]. Another control technique used to emulate the SGs is the innovative idea of the Synchronverter (SynC), which was proposed
in [7]. SynC is a technique for controlling an inverter to imitate the behaviour of an SG. The dynamic equations are similar; only
the mechanical power exchanged with the prime mover is replaced with the power exchanged with the DC bus [7].

This paper presents an implementation of two control strategies for converter-interfaced generators using a real-time
simulation environment to emulate the simplified electromechanical behaviour of an SG. The implemented control strategies in
this paper are the VSM and the SynC. Details of the full implementation of these VVSC controllers are presented. This paper uses
the Typhoon HIL framework modelling and real-time simulation. The real-time hardware-in-the-loop laboratory facility
available at the Dlgital Energy System laboratory —DigEnSys (https://fglongattlab.fglongatt.org/) has been used for this propose.
The implemented grid-forming controllers have been tested using real-time simulation on a converter interfaced generation unit
connected to a constant load as in an isolated grid.

The paper is organized as follows: Section Il describes modelling the two grid-forming control strategies considered in this
scientific paper: VSM and SynC. Section I11 shows an implementation of the proposed grid-forming control technique considered
a converter interfaced generation unit in the form of a VSC; the implementation takes advantage of the Typhoon HIL real-time



simulation framework. Section IV gives the results of the real-time simulations. Finally, section V discusses the main conclusions
of this paper.

Il.  MODELLING OF GRID-FORMING CONTROL TECHNIQUES

This section presents the key modelling aspects of the two grid-forming control techniques considered in this paper: VSM
and SynC.

A. Virtual Synchronous Machine (VSM)
The VSM emulates the mechanical behaviour of the synchronous machine by using the swing equation below [8]:

1
w" = T—_Pset - Pmes - Kd(w* - wset) (1)
S

where the input variable is the active power (P,,.s) generated by VSM; the internal set values in per unit of the mechanical time
constant (T, ), damping coefficient (K,), angular frequency (ws,.;) and active power (P;,;); and the output variable of the angular
frequency reference (w*). The instantaneous active (Pmes) and reactive power (Qmes) are calculated from the measured output
voltage and current (Egq, Egq, lgd, lgq) in the synchronous rotating frame (dq) by the following equations (2 and 3):

Bres = Egalga + Egqlgq 2
Qmes = Egd[gq - qu[gd (3)

B. Synchronverter (SynC)
The application of the electromechanical dynamic is the fundamental distinction between the Synchronverter and the VSM

9]
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1
w = m(Tm —-T, + Dp(wset - w*)) (@)
Mfif = K_S (Qset - Q + Dq (Vset - V)) (5)

where the input variables are the electromagnetic torque (T,), reactive power (Q) generated by Synchronverter and grid voltage
(V); the internal set values in per unit of the moment of inertia (J), integrator gain (K) to regulate the field excitation, frequency
droop coefficient (D,,), voltage droop coefficient (D), voltage (V;,,), angular frequency (ws.), active power (Ps,,) and reactive
power (Qs¢); and the output variables of the angular frequency reference (w*) and field excitation (Myir). The electromagnetic
torque (Te) is the energy stored in the magnetic field of the machine by equation (6), where (, ) denotes the inner product [7].

T, = M;i(i,sin 0) (6)
where it is the imaginary field (rotor) winding of the synchronverter fed by an adjustable dc current source, i = [i, iy, i.]7 is the

stator phase currents and Mt is the mutual inductance between the field coil and each of the three stator coils [10]. The cos 8 and

sin 6 are vectors defined as the three-phase angle difference with equal spacing of 120° or 27t /3 in radian. The modulated voltage
(e = [eg ep e.]7) is the control signal for the PWM of converter switching devices, by equation (7):

e = Mi;w*sin @ @)

The real active (P) and reactive power (Q) generated by SynC can be given by the following equations (9 and 10):
P = w"M;if{i,sm @) (8)
Q = —w"Myif(i,cos 0) 9)

I1l.  IMPLEMENTATION OF THE GRID-FORMING CONTROL TECHNIQUES

This section presents the details of the implementation of the two grid-forming control techniques using the Typhoon HIL
real-time simulation framework.

A. Power network

An essential part of the implementation is the power electronic converter; in this case, the VSC implementation is shown in
Fig. 1; the converter included an LC filter to reduce the harmonics at the output of the converter caused by the switching. The
rest of the power network consists of a fixed load modelled as a constant impedance to simulate an isolated grid without
synchronous generation.
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Fig. 1. Implementation of the VSC implementationjin Typhoon HIL real-time simulation framework. An ideal DC source is used, and measurements are
depicted.

B. Measurements and rotating dq frame

First, it is necessary to measure the required variables by the controller, as seen in Fig. 2. The input variables of the controller
are the current of the inductance filter (la2, ln2, Ic2), the voltage of the capacitor filter (Va1, Vi, V1) and the output LC filter current
(la1, Tna, lc1). Also, all these variables are converted into the per-unit system to simplify the calculations inside the controller and
then converted to dgO rotating reference frame by the transformation block "abc to dg" from the library "core".
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Fig. 2. Implementation of measurements in the synchronous rotating frame (dq).

C. Implementation of the VSM control technique
This section presents the implementation of VSM control strategy in the Typhoon HIL environment.

1) Active and reactive power calculations

The reactive power control loop is also known as the outer control loop (lower speed compared with the inner control loop),
and it is used to regulate the voltage amplitude. The voltage magnitude reference eg4, comes from the Q-V droop control (11):

egd = Vser + mg (Qset — Qmes) (10)
Fig. 3 shows the active and reactive power measurements implementation in Typhoon HIL with their input variables (Egq,
Egar lgd, 1gg). Also, the reactive power regulation controller implementation with the input variable of reactive power measure

(Qmes); the internal set values per unit of the reactive power (Qst) and voltage (Vs); and the output variable of the voltage
magnitude reference (egq4)-
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Fig. 3. Implementation of the active and reactive control loops.



2) Voltage calculations
Also known as the inner control loop, it consists of cascaded PI controllers, and its goals are the regulation of ac voltage and
current. Fig. 4 shows the voltage and current controller block diagram, including all feedback (decoupling) and feed-forward
terms. Both controls are achieved with a P1 controller by the "PID Controller” block from the library “core™. The controller has
the input variables (Egd, Eqq, lga, lgq) and voltage magnitude reference (eg,) from the reactive power regulation; the internal set

value per unit of the voltage magnitude reference (eg, = 0); and the output variables of the modulation voltage (egd, €gq).
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Fig. 4. Implementation of Voltage and Current Controller.
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Fig. 5. Implementation of Swing Equation.

3) Electromechanical calculations

The electromechanical dynamic behaviour of the SG is simulated in the VSM as a simple swing equation, including a
damping coefficient (Kq). Fig. 5 shows the implementation of the swing equation (1) with its input variable of the active power
(Pmes) generated by VSM; the internal set values per unit of the mechanical time constant (T), damping coefficient (Kq), angular
frequency (wset) and active power (Pse); and the output variable of the angular frequency reference (w*). The virtual rotor angular
position of the VSM (theta, 8) is given by integrating the angular frequency, and this angular position corresponds to the phase
angle of the voltage induced by the VSM model. In order to avoid numerical overflow, the integrator that produces 8 is reset to
0 when 6 = 2m.

D. Implementation of the SynC control technique

This section presents the implementation of SynC control technique in the Typhoon HIL modelling and simulation
framework.

1) Electromechanical calculations
The implementation in Typhoon HIL of the dynamic swing equations (4 and 5) is shown in Fig. 6 with their input variables
of the electromagnetic torque (Te), reactive power (Q) generated by Synchronverter and grid voltage (V); the internal set values
in per unit of the mechanical time constant (Tz), integrator gain (K) to regulate the field excitation, frequency droop coefficient
(Dp), voltage droop coefficient (Dg), voltage (Vser), angular frequency (wser), active power (Pse) and reactive power (Qser); and
the output variables of the angular frequency reference (w*) and field excitation (M if).
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Fig. 6. Implementation of Dynamic Swing Equations.

The mechanical torque (Tm) can be obtained from the setpoint of active power (Pser) by dividing it by the nominal mechanical
speed (wser). Again, the virtual rotor angle of the Synchronverter (6) is given by the integral of angular frequency.



2) Trigonometric functions calculations
The cos 6 and sin 6 are vectors defined by (11 and 12).
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<0 2n
cosO = cos\v = 3
(0-%)
 cos 3
I sin 8
. (9 2
simnf = s ?)
. (9 4n>
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3) Electromagnetic torque calculation and PWM signals

(11)

(12)

The implementation of the electromagnetic torque equation (6) is shown in Fig. 8 with their input variables of the output LC
filter current (i) in per unit to simplify the controller, sin 8 vector and field excitation (M,i;). Also, the implementation of the
modulation voltage equation (7) is shown in Fig. 8 with the input variables of the sin 6 vector, field excitation (M;i,) and angular

frequency reference (w™).
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Fig. 7. Implementation of Trigonometric Functions.
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Fig. 8. Implementation of Electromagnetic Torque and Modulated Voltage.

4) Active and Reactive Power calculations
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The implementation of the active and reactive power equations (8 and 9) are shown in Fig. 9 with their input variables of the
output LC filter current (i) in per unit to simplify the controller, sin 8 vector for the active power, cos 8 vector for the reactive
power, field excitation (Mfi) and angular frequency reference (w”).
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Fig. 9. Implementation of Active and Reactive Power Calculation.
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IV. SIMULATION AND RESULTS

This section shows the simulation results illustrating the implemented controllers' performance using real-time simulation.
The models were created using Typhoon HIL Schematic and then compiled and ran using the Typhoon HIL Scada system. The
real-time simulations run in a Typhon HIL HIL604 hardware connected to a host computer.
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Fig. 10. Test System: Illustrative system of an isolated grid.
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For illustrative purposes, a straightforward 50 Hz test system is used; it consists of a single converter interfaced generation
unit connected to a fixed load through a step-up transformer (T1), one transmission line and a step-down transformer (T2) (see
Fig. 10). The parameters of the models used for the grid-forming controllers implemented in this paper are shown in Table I,

Table Il and Table III.

TABLE I. MAIN PARAMETERS OF THE INVERTER

Description Value
Nominal Power 4 MVA
Switching Frequency 3000 Hz
DC Link Voltage 1000 V
Resistance Filter 0.4e-3Q
Inductance Filter 0.0255e-3 H
Capacitor Filter 0.015915 F
TABLE Il. MAIN PARAMETERS OF THE VSM CONTROL MODEL
Description Variable Value
Mechanical time constant Ta 2 sec
Damping coefficient Ky 100 pu
Voltage proportional gain Koy 1.00 pu
Voltage integrator gain Kiv 7.80 pu
Current proportional gain Kpe 1.00 pu
Current integrator gain Kic 160 pu

TABLE Ill. MAIN PARAMETERS OF THE SYNC CONTROL MODEL

Description Variable Value
Mechanical time constant Ta 2 sec
Frequency droop coefficient Dy 100 pu

Integrator gain K 100 pu
Voltage droop coefficient Dg 20 pu

To show the correct implementation of the two grid-forming control techniques, an under-frequency event is excited in the
test system. The event is created by a 25% sudden step increase of the active power at the load at t = 0.2 secs. The plots in Fig.
11, Fig. 12, Fig. 13 and Fig. 14 capture the frequency, active power, angular frequency and electromagnetic torque response,

respectively.
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Fig. 11. Frequency response during a 25% Load Step.

The frequency response in Fig. 11 shows a different behaviour between both control strategies. The rate-of-change-of-
frequency (ROCOF) for VSM control is 0.1 Hz/s while for SynC control is 0.16 Hz/s. Therefore, the frequency of the system
does not suddenly drop since the inertia characteristic of an SG is emulated with both control strategies. In electrical power
systems with reduced inertia or without virtual inertia integration, the ROCOF has higher values which cause larger changes in

the system frequency at the same time frame.
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Fig. 12. Active Power response during a 25% Load Step
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Fig. 14. Electromagnetic Torque response during a 25% Load Step.

In Fig. 12, the active power response shows a different behaviour between the two control strategies because the swing
equation in VSM is expressed in terms of power instead of torque as in SynC. This difference is caused by the relationship
between power and torque dependent on angular speed. As mentioned above, the difference in power is due to the difference in
virtual angular speed reflected in Fig. 13. Therefore, a higher angular speed of the SynC causes its active power to be lower
compared to the VSM, with a lower virtual angular speed. Fig. 14 shows that in SynC control, the mechanical torque is a control
input in the swing equations since the active power and electromagnetic torque figures for SynC are the same.

V. CONCLUSIONS

This paper fully implements the VSM and SynC control strategies for converter-interfaced generators in the real-time
environment (Typhoon HIL) to emulate SG behaviour in isolated grids without synchronous generation through the integration
of virtual inertia into the power system by both control strategies. Therefore, emulating the behaviour of SGs by controlling
VSCs with these control strategies is being recognized as an effective method for addressing potential stability issues by adding
virtual inertia to the electrical power system. Future works will involve the behaviour in real-time of these control strategies
during short circuits.
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